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ABSTRACT
The bromination o f  2 - f 1uorophenol , 3- f luorophenol ,  4 - f 1uorophenol ,
2 - f 1uoroan i l ine ,  3 - f  1 uoroani1i ne and 4 - f 1uoroani1i ne was car r ied  out in
aqueous medium using an a c i d i f i e d  mixture o f  potassium bromate and
potassium bromide as a source o f  bromine. The c h lo r ina t io n  o f  these
compounds was car r ied  out using sulphuryl  ch lo r ide  as a c h lo r ina t in g
agent in chloroform or d ie thy l  ether.  Anhydrous aluminium ch lor ide
was used as a c a ta ly s t  in the c h lo r in a t io n  of  the f lu o ro a n i l i n e s .
A l l  the react ion products obtained were analyzed by f luo r in e -19  nuclear
19magnetic resonance spectroscopy ( F n.m.r .  spectroscopy),  gas l i q u i d  
chromatography (GLC) and high-performance l i q u i d  chromatography (HPLC).
The i d e n t i f i c a t i o n  and the s t ruc tu re  o f  these products were establ ished 
by comparison w ith the au thent ic  compounds.
For the thermodynamic s tu d ie s : -
(a) The enthalpies o f  so lu t ion  (a t  sa tu ra t ion )  o f  2,4,6-tr ibromophenol 
(BrgC^H20H),4 -bromoani l ine (BrC^H^NHg), 2 , 6-d ibromoani l ine 
(Br^CgH^NH^) and 2 ,4 ,6 - t r ib rom oan i l ine  (BrgC^HgNHg) in toluene 
and n-propanol were determined from s o l u b i l i t y  measurements.
Aj o i H® (Br^CgHgOH) in Toluene = 33.90 k j  niol'^
(BryC^HgOH) in n-Propanol = 24.01 kJ mol '
Aj o i H® (BrCgH^NH^) in Toluene = 65.94 kJ mol'^
(BrCsH^NH2 ) in n-Propanol = 61.95 kJ mol ^
As o iH® (BrgCgHjNHg) in  Toluene = 46.65 kJ m o l ' '
(BrgC^H^NHg) in n-Propanol = 44.93 kJ mol ^
^so l^°  (Br^C^H^NH^) in Toluene = 28.09 kJ mol ^
A^^-jH^ (BrgC^HgNHg) in n-Propanol = 20.22 kJ mol ^
Entropies o f  s o lu t i o n ,  enthalpies of  t ra n s fe r ,  f ree energies 
o f  t ra n s fe r  and the entropies o f  t ran s fe r  between the two 
solvents were also ca lcu la ted .
(b) Enthalpies o f  react ion o f  the bromination o f  2 -ch lo roan i1ine, 
4-bromo-2-ch lo roan i l ine and 4 -ch lo ro an i1i ne in aqueous medium 
(pe rch lo r i c  acid/sodium bromide) w i th  aqueous bromine (sodium 
bromide/sodium bromate) were found using react ion ca lo r im e try .
(2 -ch lo roan i1ine ,^  + bromine,^^) = -207.84 - 0.63 kJ mol” ^
(4-bromo-2-chloroani1ine ,^  + bromine,^^) = -91.29 - 0.96 kJ mol
A_H^ ( 4 - c h lo r o a n i l i n e , .  + bromine,,^)  = -189.61 - 0.90 kJ mol~^.r  L aC|
(c) A t i t r a t i o n  c a lo r im e t r i c  technique was used to determine the 
enthalpies  o f  bromination o f  2 - n i t r o a n i1i ne and 4 - n i t r o a n i1i ne 
in aqueous medium (p e rch lo r i c  acid/sodium bromide) w i th  aqueous 
bromine (sodium bromide/sodium bromate).
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I .  INTRODUCTION
I .A L i te ra tu re  Review
A large number o f  f l uo r in a ted  de r iva t ives  were synthesized fo r
1 2  1 tes t ing  as p lant  growth regu la tors .  ’ Finger et  al have
described the preparat ion and propert ies o f  41 f 1uorophenoxyacetic
acids,  4 f 1uorophenoxy propionic ac ids,  2 f luorobenzoic  acids,
several indole de r iva t ives  and a number o f  miscel laneous compounds.
Among these preparat ions were some halogenated f luorophenols and
f lu o ro a n i l i n e s  which are l i s t e d  in Table I . l .
I . A . l  Halogenated Phenols
The bromination of  the three isomeric monofluorophenols under
o
var ious condi t ions was studied by Raiford et  a l ,  who prepared as 
we l1 4 ,6 -d ib romo-2- f luoropheno l ; 2 , 4 , 5 ,6-tet rabromo-3- f luorophenol  
and 2 ,4 ,6 - t r ib romo-3- f luo ropheno l  bromide (Fig.  I . l . a ) .  While the 
preparat ion o f  4,6-dibromo-3- f luorophenol  ; 2 , 4 , 6 - t r ib ro m o -3 - f l u o ro ­
phenol and 2,6-dibromo-4- f luorophenol  was described elsewhere.^
2-Chloro-4-f luorophenol  was prepared by the c h lo r in a t io n  o f  
an a l k a l i  metal s a l t  o f  4- f luorophenol  by an a lka l ine  hypoch lo r i te ,^  
as well  as by the c h lo r in a t io n  o f  4- f luorophenol  w i th sulphuryl  
c h l o r i d e . T h i s  compound was used in  the preparat ion o f
2-ch lo ro -4 - f luoropheny l  t rans-4^-subst i tuted cyclohexane carboxy la tes ,'
X ^  Q
(Fig.  I . l . b ) ;  2 ,4-dihalophenyl  4 - ( t r a n s -4 -a lk y l c y c lo h e x y l ) benzoate 
(Fig.  I . l . c )  and 2-ch lo ro-4- f luoropheny l-3-chloro-4-hydroxybenzoate 
de r iva t ives^^  (Fig.  I . l . d ) ,  which are useful as l i q u i d  c r y s ta ls .
16
Also i t  was used in the preparat ion o f  cyc lopropy l-methy l- ( t h i o ) -
phosphoric acid amides which are useful  as insec t ic ides^^
(Fig.  I . l . e )  and in the preparat ion o f  benzofuran der iva t ives
12which are useful as inf lammation in h ib i t o r s  (Fig.  I . l . f ) .
The c h lo r in a t io n  o f  3- f luorophenol  wi th sulphuryl  ch lo r ide  
produces 4 ,6 -d ich lo ro -3 - f luo ropheno l
The act ion  o f  fuming n i t r i c  acid on 2 ,6-d ib romo-4- f luoro­
phenol and anisole was studied by Hodgson and Nixon.^ They had 
found in t h e i r  study tha t  a l l  4-halogenated phenols except the 
4-iodo-compound (which was destroyed) gave 2 ,6-dibromo-4-benzoquinone 
On the other hand 4-ch lo ro-2,6-d ibromoanisole and 2 ,4 ,6- t r ib rom o-  
anisole gave 4 -ch lo ro -2 ,6 -d ib romo-3 -n i t roan iso le  and 2 ,4 ,6 - t r ib rom o-
3 -n i t ro a n is o le  respec t ive ly .
Fuming n i t r i c
acid
F 0
2 ,6-Di bromo-4-f1uorophenol 2,6-Di bromo-4-benzoqui none
Although the bromine atom in  the 4 -pos i t ion  to the hydroxyl
group seemed to be l a b i l e  in the presence o f  n i t r i c  ac id ,  there was
I:)  4
an exception in case o f  2,4,6- tr ibromo-3-f luorophenol^,  where the
6 -bromo was replaced by the n i t r o  group.
17
Br
OH
Br
I
N i t r a t io n
Bo i l ing  
a l k a l i
OH
Bromi nat ion
a l k a l i
OgN
I I I
OH
Bromination
VI
N i t r a t i o n
OH
Br
V I I I
OH
Bo i l ing
k y A p  a l k a l i  ^ y ^ O H
Br
IX
I ,  2 ,4 ,6 -T r ib romo-3- f luo ropheno l ; I I ,  2 ,4-D ibromo-6-n i t ro -3 -  
f luo ropheno l ; I I I ,  6 -N i t ro -3 - f luo rophe no l ;  IV, 2,4-Dibromo-6- 
n i t r o r e s o r c i n o l ; V, 2 ,4 -D ib romo-6-n i t ro resorc ino l  3-methyl e ther ;  
VI ,  3-Fluorophenol ; V I I ,  4 , 6- D ibromo-3 - f luorophenol ;
V I I I ,  4 ,6- D ibromo-6- n i t r o - 3 - f l uorophenol ; IX, 2,4-Dibromo-3- 
ni t ro reso rc i  n o l .
18
When two bromine atoms were present o and £  to the phenol ic 
group, e i t h e r  could be removed, y ie ld in g  isomeric ni t robromophenols.
3
Raiford and LeRosen showed tha t  the f l u o r in e  atom was never 
displaced when bromo-f luorophenols were t rea ted w ith sodium n i t r i t e  
in g la c ia l  ace t ic  ac id ,  e .g . ,  2 , 6-dibromo-4-f luorophenol gave 
2-bromo-4-f l u o ro -6- n i t ropheno l , and 2 - f 1uoro -4 ,6-dibromophenol gave 
both isomers, 2 - f 1 u o ro -4 -n i t ro -6-bromophenol and 2- f luoro-4-bromo- 
6-n i  t ropheno l .
On p lan t  growth regu la t ing ,  phenols can be ac t ive  as auxins,
when both o -pos i t ions  were subs t i tu ted ,  but when one o -s u b s t i tuent
or when two subs t i tuen ts  were present in o -pos i t ions  the phenol was
13completely in ac t i ve .
A l o t  o f  studies were made on the o -subs t i tu ted  phenols using
Nuclear Magnetic Resonance and In f ra - re d  methods, e.g.  a q u a n t i ta t i v e
study o f  the o -e f fe c t , ^ ^  and an in v e s t ig a t io n  o f  the strengths and
r e la t i v e  strengths o f  the in tramolecu la r  halogen bonds in
o-ha lopheno ls .^^ ’ ^ ^ ’ ^^ The study o f  in tramolecu la r  hydrogen bonds
by proton resonance gave quant i tative in format ion about the enthalpy
o f  format ion o f  the hydrogen bonds in o -ch lo ro - ,  bromo- and 
18iodophenol. NMR was used as wel l f o r  studying the format ion o f
a c i s - t rans dimer o f  o-halophenols in d i l u t e  CSg. The stereo-
19s p e c i f i c  sp in -sp in  coupl ing between hydroxyl protons and F nuclei
in 0- ,  m- and p- f luorophenol  de r iva t ives  p> p and p)
19were reported. The coupling constants depend somewhat upon the
subs t i tuen ts ,  but the values were determined mainly by the atomic
species themselves and by t h e i r  r e la t i v e  pos i t ions in the benzene 
20 19r ing  e.g.  F n.m.r .  spectra o f  4 ,6 -d ich lo ro -2 - f luo ro pheno l , 
showed Pjyp =2 . 1  Hz and °J^p = 9.6 Hz.
19
19The F n.m.r .  s h i f t  o f  some 3- and 3 ,5 -subs t i tu ted
fluorobenzenes r e la t i v e  to f luorobenzene as in te rna l  standard
21was measured by H i r s t  e t  a l .  when they had found tha t  the 
c o r re la t io n  o f  the s h i f t s  wi th  var ious subs t i tuen t  parameters was 
not good and the comparison o f  the ser ies showed tha t  the e f fec ts  
o f  subs t i tuen ts  were not add i t i ve .
22For a ser ies o f  p -subs t i tu ted  fluorobenzenes i t  was reported,
19tha t  the F chemical s h i f t s  were d i r e c t l y  re la ted  to changes in
7T e lec tron  densi ty  on the carbon atom bonded to the f lu o r in e  in
23terms o f  Molecular Orb i ta l  Theory. Ebraheem and Webb
performed Par iser-Parr-Pople (P-P-P) MO Calcula t ions and they car r ied
out INDO MO c a lc u la t io n  on some o f  the subs t i tu ted  fluorobenzenes
in an at tempt to est imate the subs t i tuen t  e l e c t r i c  f i e l d  e f f e c t  on 
19the F chemical s h i f t s ;  they found agreement between the experimental 
resu l ts  and the theo re t ic a l  ca lcu la t ions .
19F n.m.r .  spectroscopy was used also f o r  the inves t iga t ion  o f
the in tramolecu la r  coord inat ion o f  4- fluorophenol  der iva t ives  in
which the H o f  the OH group was replaced by subst i tuents  such as
Me, Etg Sn and ph Hg, wh i le  the r ing  contained 0, 1 or 2 bromine atoms
in the 2 -pos i t ion  r e la t i v e  to the OH or OR group, in sol vents such as
24CClg, CHCI3 and Me^SO.^^
I t  was shown tha t  in  aromatic e lec troph i  1 ic  subs t i tu t ions  
invo lv ing  neutral  molecules o f  both aromatic substrate and halogen, 
the Arrhenius a c t i v a t io n  energies could be corre la ted wi th  e lec t ron ic  
dens i t ies  on the carbon atoms where halogénat ion takes place.
20
Arrhenius a c t i v a t io n  energies f o r  the bromination o f  4-methyl phenol,
P ~]
4- f luoropheno l ,  4-chlorophenol and 4-bromophenol were measured
o n
and cor re la ted  w ith  charge densi ty  d i s t r i b u t i o n s  f o r  these compounds.
When bromine was used as brominating agent, the k in e t i c  features o f
these react ions seemed to be a second order reac t ion ,  f i r s t  order in
4 -subs t i tu ted  phenol and f i r s t  order in bromine. The reac t ion
27mechanism suggested fo l lows : -
k fa s t
( ti complex)
ArH + Br^ -------------  ^ ArH-Br^2   2
ArH.Br^ + Solvent *^ 1- ArH.Br^ + Solvent.Br
(o-complex
ArH.Br* -■ ArBr + H*
H* + Br" — HBr
(where ArH denotes the aromatic substrate)
In the case o f  4- f luorophenol  the value o f  the a c t iv a t io n  energy was 
less than those o f  4 -ch lo ro -  and 4-bromo-phenol which showed tha t  the 
e lec t ron -de ns i ty  a t  the 2 -pos i t ion  w i th  respect to OH group in
4-f luorophenol  was higher than those o f  4 -ch lo ro -  and 4-bromo-phenol.
On the other  hand, the k in e t i c s  o f  bromination o f  4 -subs t i tu ted  
phenol w i th  N-bromosuccinimide (NBS) as brominating agent in 80% 
aqueous ace t ic  acid was inves t iga ted .  The reac t ion  was found to be 
f i r s t  order in the aromatic substrate (ArH) and zero order in  NBS.
21
Chromatographic separation o f  halogenated phenols was widely
29-32used, e.g.  gas l i q u i d  chromatography using the appropr iate
columns and detectors  f o r  separation o f  chlorophenols, and high
33-35performance l i q u i d  chromatography ~ using reverse phase columns 
f o r  separat ion and trace determinat ion o f  phenol ic compounds.
I . A . 2 Halogenated An i l ines
The bromination o f  a n i l i nes  using N-bromosuccinimide in an
in e r t  organic solvent such as methylene ch lo r ide  and carbon t e t r a -
c h lo r id e ^ ^ '^ ^  and in  ace t ic  acid^^ is  wel l known.
4-Bromo-2 -f luoroan i l ine can be prepared by bromination o f  
39 402 - f l u o r o a n i l i n e  ’ w i th N-bromosuccinimide (NBS) as shown in the 
fo l low ing  scheme:-
0
NH., NH
Br
2 -F luo roan i l ine  NBS 4-Bromo-2-f luoroan i1i ne
I t  can be prepared as well  by using 1,3-dibromo-5,5-dimethylhydantoin 
as brominating agent which was descr ibed elsewhere^^'^^ and gives 94% o f
4 -b romo-2 - f luo roan i l ine .
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N-Bromosuccinimide was used fo r  preparat ion o f  2-bromo-4- 
f l u o r o a n i1ine?^ wh i le a so lu t ion  o f  4 - f 1uoroani1ine in acet ic  
acid was treated wi th  bromine s o lu t ion  in acet ic  acid to produce
2 ,6 -d ib ro m o-4 - f luo roan i l i ne .^^
6-Bromo-2-f luoroan i1ine was prepared by Boehninger,^^ from
4-su lphonamido-2- f luoroacetan i l ide ,  which was brominated wi th
bromine and t rea ted w ith acid to desulphonate.
The c h lo r in a t io n  o f  an i l i n e s  using N-chlorosuccinimide and the
c h lo r in a t io n  o f  ace tan i l ides  using ch lo r ine  gas in  acet ic  acid are
wel l  k n o w n . 4 - C h l o r o - 2 - f l u o r o a n i l i n e  can be prepared from
392- f l u o ro a c e ta n i1ide as shown in  the fo l low ing  scheme
NHCOCH3 NHCOCH^  NHn.HCl
+  C l ,  M H ,  HCl n f  NaOH "2
H,
I I I  HgO I I I  IV
I :  2 -F luoroacetan i1ide;  I I :  4 -C h lo ro -2 - f luo roace tan i1ide;
I I I :  4 -C h lo ro -2 - f lu o ro a n i1ine hydroch lor ide ;
IV: 4 -C h lo ro -2 - f lu o ro a n i l i n e .
4 -C h lo ro -2 - f lu o ro a n i1ine was used in  the preparat ion o f  herb ic ida l  
I s o in d o l -1 -one de r iva t i ves^^  (F ig .  I . 2 . a) ,  herb ic ida l
2 - (subs t i tu ted  a ry l ) -3 A ,  4, 5, 6 , 7, 7A-Hexahydro- lH- isoindole-
1,3 (2H)-diones^^ (F ig .  I . 2 . b ) ,  and herb ic ida l  2 -subs t i tu ted  phenyl
4 ,5 ,6 ,7 -te t rahydro -2H- indazo les^^  (F ig .  I . 2 . c ) .
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6 -C h lo ro -2 - f l  uoroani 1 i ne v^ as prepared from 2-chloro-6-
f 1uorobenzoic acid in the preparat ion o f  some f luorophenothiazines
4 -C h lo ro -3 - f lu o ro a n i1ine was obtained by hydrolysing i t s  acetyl  
49
de r iv a t i v e  w i th 20% hydroch lor ic  acid fo r  24 h , while the 4 -ch lo ro - ,  
6 -ch lo ro -  and 4 , 6 - d i c h lo r o -3 - f l u o ro a n i1inejwere obtained as mixture 
from hydrolys ing t h e i r  acetyl  de r iva t i ves ,  which were separated by 
d i s t i l l a t i o n  under reduced pressure.
The c h lo r in a t io n  o f  4 - f l u o r o a n i1ine^^ wi th gaseous ch lo r ine  
evolved from potassium ch lo ra te ,  y ie lded 2 ,6 -d ic h lo ro -4 - f lu o ro -  
a n i l i n e  which can be obtained as well  from deacety la t ion o f  the
corresponding a c e ta n i l i d e .  The preparat ion o f  2 -c h lo ro -4 - f lu o ro -
51a n i l i n e  was developed as a high y ie ld  synthes is,  as shown in  the 
scheme below , i n  comparison w ith other methods, e .g . , th e  preparat ion
NHCOCHg NHCOCH3
(CHjCOjgO SOgClg HCl
NaOH
I;  4 -F lu o ro an i l in e ;  I I :  4 -F luoroacetan i1ide;
I I I :  2 -C h lo ro -4 - f luo roace tan i1ide;  IV: 2 -Ch lo ro -4 - f luo roan i1ine.
of  2 - c h lo ro -4 - f l u o r o a n i1i ne from the react ion o f  2-chloro-N-
52phenyl hydroxyl ami ne w i th  hydrogen f l u o r id e .  2-Chloro-4-
f l u o ro a c e ta n i1 ide was prepared al so^^ from m-chlorofluorobenzene; 
th is  was acety la ted in carbon d isu lph ide  in the presence o f  aluminium
24
ch lo r ide  to give 2 - c h lo r o - 4 - f 1uoroacetophenone which by Beckmann
rearrangement o f  i t s  oxime gave 2 - c h lo ro -4 - f luo roa c e ta n i l ide  and
deacety la t ion  gave 2 - c h lo ro -4 - f lu o ro a n i1ine. In the same way
3 - c h lo ro -4 - f lu o ro a n i1ine was prepared, which had been already
54prepared by Rinkes.
553-Chlo r o - 4 - f l uoroani1ine ^  is  an intermediate in the manufacture 
o f  two wi l d  oat herb ic ides ,  f lampropisopropyl  ( isopropy l-N-benzy l- 
N- (3-ch lo ro-4- f luoropheny l) -2 -aminoprop ionate)  and f 1ampropmethyl 
( the analogous methyl e s te r ) .
K+OSOgO
OSOgO
^16^33 IV
I :  3 -C h lo ro -4 - f lu o ro a n i l i n e ;  I I :  Potassium 2-amino-4-chloro-5-
f luorophenyl  sulphate;  I I I :  Cetylpyridinium s a l t  o f  2-amino-4-
c h l o r o - 5 - f l uorophenyl sulphate;  IV: N - (5 -ch lo ro -4 - f luo ro -2 -
hydroxyphenyl)acetamide.
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A study o f  the metabolism of 3 - c h l o r o - 4 - f l uo r oan i 1i n e ^ ^ i n  ra t
and dog was undertaken as par t  o f  an in d u s t r i a l  hygiene research
programme to ind ica te  the most s u i tab le  method to monitor exposure
to c h lo ro f lu o ro a n i l i n e s .
19In the l i g h t  o f  F n.m.r .  spectroscopy, among the study of
19many o f  subs t i tu ted  f luorobenzenes,the F chemical s h i f t s  of
21 233 - f l u o r o a n i1ine and 4 - f l u o r o a n i l i n e  were reported. ’
In 4 - f l u o r o a n i1ine^^ = 5.1 Hz and °J^p = 8.6 Hz, whi le in
4 - f l u o r o t o lu e n e ^  = 5.8 Hz and °J^p = 8.7 Hz. The proton
nuclear magnetic resonance spectra o f  selected 4 -subs t i tu ted
59fluorobenzenes, inc lud ing  4 - f l u o r o a n i l i n e ,  were inves t iga ted .
Other a n a ly t ic a l  studies were made on 4 - f l u o r o a n i l i n e  and
i t ,  GO ^
a n i l i n e  i ryvapour phase by microwave and Par in f ra red  ^ The
observation from combined microwave and f a r  in f ra red  studies showed 
tha t  the amino group is more nonplanar in  4 - f l u o r o a n i l i n e  than in 
a n i l i n e .
26
Table 1.1
c. . •. phenol and a n i l i n e  de r iva t ives  ...
p la n t s r o W + l,  r^ g U U T o r i
2 ,6-Dibromo-4-f luorophenol 3 ,5-D ich loro-4- f luorophenol
3-Chlo r o - 2 - f l uorophenol 2,4-D ich lo ro-5- f luorophenol
4-Chloro-2-f luorophenol 3-Chlo r o - 2 - f l uoroani1ine
4-Chloro-3-f luorophenol 2-Chlo r o - 4 - f l uoroani1ine
2-Chloro-4-f luorophenol 3 , 5 -D ich io r o - 4 - f l uoroani1ine
3-Chlo r o - 4 - f l uorophenol 4 -C h lo ro -3 - f lu o ro an i1ine
2 -C h lo ro -5 - f1uorophenol 3-Chlo r o - 4 - f l uoroani1i ne
4 ,5 -D ich lo ro-2- f luoropheno l 4 ,5 -D ic h lo ro -2 - f l u o ro a n i1ine
2 ,6-D ich lo ro -4- f luoropheno l 5-Chlo r o - 2 - f l uoroani 1 i ne
2 ,5 -D ich lo ro-4- f luoropheno l 2 ,5 -D ic h lo ro -4 - f l u o ro a n i1i ne
5
The p repa ra t io n io f  (a) and (b)(were mentioned elsewhere ) bv Hr 
c h lo r in a t io n  o f  4 - f 1uorophenol and 3 - f 1uorophenol wi th SO^Clg as 
c h lo r in a t in g  agent, * •
27
Br
B r / \ B r
"CgHBr^OF"
Fig.  i . i
2,4,6-Tr ibromo-3- f luorophenol  bromide or
3-Fl uoro-2,4 ,4 , 6- tetrabromocycl  ohexa-2,5- 
diienone.
b)R
Cl 2-Chloro-4-f luoropheny l  t rans-4 -  
subs t i tu ted  cyclohexane carboxylates 
R = Et ; n = 2.
X 2,4-Dihalophenyl 4 - ( t rans-4
R ^  X al kylcyclohexy l  )benzoates .
X = C l ,  F; X' = F, Cl ; R = Et
Cl Cl
>-F
RXCO
2 ' -Ch lo ro -4 '- f luo ropheny l  3- 
chloro-4-hydroxy benzoate
I t ' s  de r iv a t i v e  
R = Pr, Bu, C^H^p Pr,
BuO,  C^H^j O.
X = Trans-1,4-cyclohexyl idene (Q),  
Q, Q, l,4-CsH4(Q'), Q', Q' ,^
28
^
J^>--CH2N — P - 0
OR
Cycl 0 propyl -methyl - ( t h i  o ) - 
acid amides.
R = (un)subs t i tu ted  a l k y l ;  
X = 0,S.
0
R
Benzofuran de r iva t ives  
R = H, Ac, R^  = H, F, Cl ; 
X = 0, CHg; X'= CHg , Q ; 
Z = O.CHg.
29
F i g .  1 . 2
a)
N -R
Herbic idal  iso indole-1-one de r iva t ives  
R.| = H, Me; R^  = H, a lky l  of  
1 to 4 carbons.
Iso indo le -1 ,3-d iones.
b) N
n
Herbic idal  2 - (su bs t i tu ted  aryl  
-3A, 4,5,6,7 ,7A-hexahydro- lH-  
i s o in d o le -1 ,3 (2H)-diones 
X = Cl ,  Br.
c) R
Herbic idal  2 -subs t i tu ted  phenyl-
4 , 5 ,6 ,7 - tet rahydro-2H- indazoles 
R = C l , Br; Rj = a l k y l ,  a lkeny l ,  
cycloalkoxycarbonylmethy l , 
(ha lo )a lkoxycarbony lmethy l ;
Rg = Cl ,  Me; 2 = 0 ,  NH.
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I . B Aim o f  Work
Halogenated phenols and an i l i n e s  are widely used in indust ry  
and a g r i c u l t u re ,  they have extensive use as herbic ides,  fungic ides, 
and in sec t i c id es .  Because o f  the t o x i c i t y  of  these substances 
which r e s i s t  degradat ion and tend to p e rs is t  in the environment 
these halogenated compounds form a special  group among the 
numerous m ic ropo l lu tan ts  found in  surface water,  they can be 
hazardous to pub l ic  hea l th.  The i d e n t i f i c a t i o n  o f  these halogenated 
compounds in  environmental samples is  there fo re  o f  i n te re s t .
In t h is  work the bromination o f  f luorophenols and f lu o ro a n i l in e s
was car r ied  out using bromate/bromide in ac id ic  medium as a source
o f  bromine, wh i le the c h lo r in a t io n  o f  these compounds was made wi th
sulphuryl  ch lo r ide  as a source o f  ch lo r ine .  The react ion  mixtures
were analyzed by three techniques, high-performance l i q u id
chromatography (HPLC), gas l i q u i d  chromatography (GLC) and
19f luo r in e -19  nuclear magnetic resonance spectroscopy ( F n .m . r . ) .
31
CHAPTER I I
I I :  EXPERIMENTAL
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I I .  EXPERIMENTAL
I I .  A. Mater ia ls  and Methods
2-Fluorophenol ,  3- f luoropheno l ,  4 - f luo ropheno l ,
2 - f l u o r o a n i l i n e ,  3 - f l u o r o a n i l i n e  and 4 - f 1uoroani1ine were
commercial m ate r ia ls .  Most o f  these samples were l i q u id  and
they were p u r i f i e d  by r e d i s t i l l a t i o n  under atmospheric pressure.
Bromine, potassium bromide (Reagent grade) and potassium
bromate (Ana lar ) ,  were used as supplied (B.D.H.) .  Sulphuryl
62
ch lo r ide  (B.D.H.) was r e d i s t i l l e d  (b .p .  69°C, l i t .  69.1^C).
The f lu o ro a c e ta n i1 ides were obtained from the treatment o f
corresponding f lu o ro a n i l i n e s  w i th  ace t ic  anhydride and g lac ia l  
32ace t ic  acid.  The f lu o ro a c e ta n i1 ides were re c ry s ta l l i z e d  from
aqueous acet ic  ac id ,  m.p. 77° ( o - ) ,  83° (m-) and 152.5°C(p-)
Lit. wefe 25 49 32 “
f l u o r o a c e ta n i l i d e ^  77 -80°C , 84.6°C and 148-152°C respec t ive ly .
I I . A . 1 Preparation o f  Some Halogenated Fluorophenols 
I I . A . l a  4-Bromo-2-f1uorophenol
2-Fluorophenol (4.7 g, 0.042 mol ) was dissolved in 
dichloromethane (20 cm^), cooled in  ice and s a l t  to r ^ 20°C,
3
t rea ted dropwise (wi th  caut ion) w i th bromine (2.5 cm , 0.049 mol)
3
in  dichloromethane (10 cm ) w i th in  a per iod o f  15 min. ,  w i th 
63
vigorous s t i r r i n g  , the react ion product was kept a t  room temperature 
w i th  constant s t i r r i n g  f o r  a f u r t h e r  15 min. The solvent was 
removed by ro ta ry  evaporator and the residue was d i s t i l l e d  under 
reduced pressure. The bromo-fluorophenol was co l lec ted  at  90°C/
15 mm Hg (2.45 g, 31%) l i t !  79°C/7 mm Hg. The p u r i t y  o f  the 
compound was checked by high-performance l i q u i d  chromatography (HPLC)a^^
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gas l i q u i d  chromatography (GLC). ^ N u c l e a r  Magnetic Resonance 
19Spectroscopy ( F n.m.r .  spectroscopy) was used to inves t iga te  the 
bromo-f luorophenol ; the spectrum gave a coupling constant 
(9.76 Hz) which is  c h a c te r i s t i c  o f  0-hydrogen-f luor ine coupl ing.  
(Chemical s h i f t  ôF = -137.8 ppm).
I I . A . l b  6-Bromo-2-f1uorophenol
A mixture o f  2- fluorophenol  (6.2 g, 0.055 mol) and
concentrated su lphur ic  acid (23.2 g, 12.6 cm^), was heated in a
b o i l i n g  water bath f o r  3 h w i th  vigorous s t i r r i n g ,  cooled to room 
temperature and treated w i th  a so lu t ion  o f  sodium hydroxide (19.0 g)
3
in  water (47 cm ),  w h i l s t  s t i r r i n g  cons tant ly .  The a lka l ine
so lu t ion  was cooled to room temperature and bromine (3.4 cm^,
0.0666 mol) was added from a dropping funnel down the condenser
w i th in  20 min. The react ion mixture was heated to cr50°C and
maintained a t  th is  temperature,  wi th  s t i r r i n g ,  f o r  30 min. The
f la s k  and contents were heated in  an o i l  bath a t  150-155°C f o r  
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30 min. The react ion mixture was steam d i s t i l l e d  and the organic
product was ext racted w ith ether and dr ied over magnesium sulphate,
and the solvent was removed by ro ta ry  evaporator. HPLC and
GLC analysis  showed tha t  the product consists o f  three components
19which were i d e n t i f i e d  by F n.m.r .  spectroscopy as: 6-bromo-2-
f luorophenol  (qua r te t ;  6F = -134.0 ppm, (71%); °J^p = 9.76 Hz,
= 4.88 Hz) ,4-bromo-2-f luorophenol  ( t r i p l e t ;  6F = -137.4 ppm 
(17%); °J^p = 9.77 Hz, ^J^p = 8.79 Hz) and 4,5-dibromo-2-fluorophenol  
(doublet :  6F = -131.2 ppm, (12%); °J^p = 9.76 Hz).
34
I I - A . le 4 , 6-Di bromo-2- f 1uorophenol
2-Fluorophenol (2.24 g, 0.02 mol),  was dissolved in
g la c ia l  ace t ic  acid (4.0 cm^) wi th  s t i r r i n g  at  room temperature,
and t rea ted  dropwise wi th bromine (2.4 cm^, 0.047 mol). A f te r
an hour the react ion was poured in to  water g iv ing an o i l .  The
product was washed wi th  sodium b is u lp h i te  so lu t ion  in order to
remove the excess o f  bromine; th is  t reatment caused the o i l  to
s o l i d i f y .  The crude substance was p u r i f i e d  by t rea t ing  i t s
s o lu t ion  in  sodium hydroxide (IM) wi th  charcoal and f i l t e r i n g .
When the f i l t r a t e  was a c i d i f i e d  wi th  sulphur ic  acid (2.5M) the
brominated f luorophenol p rec ip i ta ted .  The product was
re c r y s t a l l i z e d  three times from petroleum ether (b.p.  40 - 60°C),
f i l t e r e d  o f f  w i th  a s in te red glass funnel (G4), a i r  dr ied and
f i n a l l y  stored in a des iccator  over s i l i c a - g e l .  The c rys ta ls
obtained were white needles, m.p. 33°C (17%), l i t . ^  m.p. 35°C.
19F n.m.r .  spectroscopy showed i t  is  a pure compound (doublet ;
6F = -131.46 ppm), as did  HPLC and GLC analys is .
I I . A . I d  6-Bromo-3-f1uorophenol
A so lu t ion  o f  3 - f l  uorophenol (1.12 g, 0.01 mol) in
3 3chloroform (10 cm ) ,  was treated dropwise wi th  bromine (0.6  cm ,
0.011 mol) d issolved in chloroform (3.0 cm ) over a period o f
15 min. The reac t ion  mixture was allowed to stand f o r  30 min.
w i th  constant s t i r r i n g  a t  room temperature. The solvent was
removed using a ro ta ry  evaporator. According to HPLC and GLC
analys is  the brominated f luorophenol  is a mixture o f  four  components
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which were i d e n t i f i e d  by n.m.r .  as 3- f luo ropheno l , 
6-bromo-3-f luoropheno1 ( 6F = -112.3 ppm; (85%)), 4-bromo-3- 
f luorophenol  ( t r i p l e t ;  6F = -105.5 ppm; (11.6%)) and
4,6-dibromo-3- f luorophenol  (quar te t ;  6F = -105.9 ppm; (3.3%)); 
these res u l t s  agree w ith  tha t  obtained from GLC (3-f luorophenol 
(23%), 6-bromo-3-f luorophenol (63%), 4-bromo-3-f luorophenol 
( 11%) and 4,6-dibromo-3-f luorophenol  (3%).
I I . A . le  4 , 6-Dibromo-3-fluorophenol
3-Fluorophenol (1.12 g, 0.01 mol) was dissolved in
chloro form (10 cm^) and treated dropwise wi th  bromine ( 1.0 cm^,
0.02 mol) d issolved in chloroform (3.0 cm ).  The react ion was
al lowed to stand w i th  constant s t i r r i n g  at  room temperature f o r
30 min. The chloroform was then removed by ro ta ry  evaporator to
leave an o i l  which cooled in ice to p re c ip i ta te  4,6-dibromo-3-
f luo ropheno l . The white p re c ip i ta te  was re c ry s ta l l i z e d  from
petroleum e ther  (b.p .  60 - 80°C) to give a whi te needles (1.5 g,
56%) m.p. 45 - 46°C, l i t . ^  m.p. 45°. The p u r i t y  o f  the compound
19was checked by HPLC, GLC and F n.m.r .  spectroscopy (quar te t ,
6F = -105.6 ppm; °J^p = 9.52 Hz, = 7.32 Hz).
I I . A . I f  2 , 4 , 6-Tr ibromo-3-f luorophenol
3-Fluorophenol (1.12 g, 0.01 mol) was dissolved in
water (100 cm^) wi th  vigorous s t i r r i n g  fo r  20 min then brominated by
3por t ionwise add i t ion  o f  a mixture o f  bromine (1.5 cm , 0.030 mol) 
in water (10 cm^) containing potassium bromide (5.0 g).  The white
36
p re c ip i t a t e  o f  2 ,4 , 6- t r i bronio-3-f luorophenol formed over 30 min^, and was
f i l t e r e d  o f f  and re c ry s ta l l i z e d  from d i l u t e  ethanol to give
white needles (2.0 g, 57%), m.p. 90 - 92°C, l i t !  m.p. 90°C.
The product was pure according to HPLC and GLC analysis as well  
19as F n.m.r .  spectroscopy (doublet ,  ôF = -96.6 ppm;
= 7.37 Hz). Found: C, 20.63; H, 0.57; C^H^Br^FO requires 
C, 20.68; H, 0.57%.
I I . A . l g  2-Bromo-4-f1uorophenol
4-Fluorophenol (5.72 g , 0.051 mol) , was dissolved in 
carbon d isu lph ide  (15 cm ),  and treated dropwise with vigorous 
s t i r r i n g  w i th  a so lu t ion  o f  bromine (3.0 cm^, 0.057 mol) in carbon 
d isu lph ide ;  the to ta l  volume of  solvent was 25 cm^.^ The brominated 
product was kept in  a r e f r i g e r a to r  (-20°C) f o r  a month, when the white 
p r e c ip i t a t e  o f  2-bromo-4-f luorophenol was f i l t e r e d  o f f  and 
re c r y s t a l l i z e d  from petroleum ether (b.p.  30-40°C) to give white
needles (1.0 g, 10%), m.p. 42°C, l i t . ^  m.p. 43°C. The p u r i t y  o f  the
compound was checked by HPLC, GLC and ^^F n.m.r .  (quar te t ,
6F = -122.3 ppm; °J^p = 7.81 Hz, °J^p = 7.82 Hz, ^J^p = 5.85 Hz).
I I . A . l h  2 , 6-Dibromo-4-fluorophenol
4-Fluorophenol (2.24 g, 0.02 mol) was dissolved in 
g la c ia l  ace t ic  acid (8.0  cm^) and treated dropwise with bromine 
(2.12 cm^, 0.041 mol) .  The mixture was poured in to  water a f t e r  
standing fo r  a short  t ime. The product was re c ry s ta l l i z e d  from 
petroleum ether (b.p .  60 - 80°C) in whi te c rys ta ls  (0.77 g , 14.2%)
m.p. 49°C l i t . ^  48 - 56°C. The p u r i t y  o f  the compound was
37
checked by HPLC and GLC as well  as n.m.r .  spectroscopy ( t r i p l e t
HF 7.33 Hz,ôF = -120.7 ppm; °J = .  z, °J = 7.81 Hz).
11.A .2 Preparat ion o f  Some Halogenated Fluoroani l ines
I I .A .2a  2-F luoroacetan i1ide
2-F luoroan i1i ne (20.0 g, 0.18 mol) was cooled in an
ice bath and t reated dropwise wi th  ace t ic  anhydride (20 cm3, 0.21 mol)
w i th  constant s t i r r i n g  over a period o f  1 h, then g lac ia l  acet ic  acid 
3(10 cm ) was added, and the react ion  kept w i th s t i r r i n g  at  room
temperature f o r  f u r t h e r  15 min. The p re c ip i ta te  was f i l t e r e d  o f f
and r e c r y s t a l l i z e d  from d i l u t e  ace t ic  acid and a i r  dr ied ( 20.5 g,
25
74.3%) m.p. 77°C, l i t .  77 - 80°C; the p u r i t y  o f  the compound was
checked by HPLC and GLC.
I I .A .2 b  3-F luoroacetan i1ide
3-F luoroan i1ine (11.0 g, 0.099 mol) was cooled in  an
3
ice bath and t rea ted dropwise w i th  ace t ic  anhydride (10 cm ) wi th
3
S t i r r i n g  over a per iod o f  1 h, then g lac ia l  acet ic  acid (10 cm ) 
was added. The white p re c ip i t a te  was f i l t e r e d  o f f  and r e c ry s ta l l i z e d  
from d i l u t e  ace t ic  ac id ,  and the white c rys ta ls  were f i l t e r e d  o f f ,  
washed w i th  d i s t i l l e d  water,  drained and a i r  dr ied (8.0 g, 53.3%)
m,
HPLC and GLC.
I . p. 83% 1 i t . ^^84 .6 °C .  The p u r i t y  o f  the compound was checked by
11.A.2c 4 -F luoroacetan i1i de
4 -F luo roan i l ine  (20.0 g, 0.18 mol),  was treated w ith 
ace t ic  anhydride by the method described fo r  3- f l u o r o a n i l i n e  
( I I . A . 2b) when pure whi te needles o f  4- f l u o ro a c e ta n i1ide were obtained 
(22.0 g, 81%) m.p. 152.5°C l i t . ^^148 - 152°C.
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11.A.2d 4-Bromo-2-f1uoroani11 ne
The preparat ion o f  4-bromo-2-f luoroan i l ine was carr ied  
out using the method o f  preparat ion o f  4-bromoani 1 i ne.
NHg NHCOCH3 NHCOCH3 NHg
Acé ty la t ion   ^ Bromi nat ion  ^ Hydrolysis^
Br Br
I I I  I I I  IV
I :  2 -F luo roan i l ine ;  I I :  2-F luoroacetan i1ide;
I I I :  4-Bromo-2-f luoroacetan i1i de ; IV: 4-Bromo-2-f luoroani1i ne.
2 -F luoroace tan i l ide  (6.19 g, 0.04 mol) was dissolved in
g la c ia l  ace t ic  acid (18 cm3, 0.3 mol) in a conical  f l a s k .
A s o lu t io n  o f  bromine (2.0 cm^, 0.04 mol) in  g lac ia l  ace t ic  acid
(10 cm , 0.166 mol) ,  was t ransfe r red  to a separatory funnel supported
over the conical f l a s k .  While the f lask  contents were s t i r r i n g  the 
was
bromine solutionyadded very s lowly.  (The preparat ion was conducted
in  a fume cupboard). When a l l  the bromine was added, the reac t ion  was
al lowed to stand a t  room temperature w i th s t i r r i n g  f o r  2 h. The
product was poured in to  400 cm^ o f  d i s t i l l e d  water wi th vigorous
3
s t i r r i n g  and the f lask  r insed w i th a l00 cm o f  d i s t i l l e d  water and 
added to the stock.  The p re c ip i t a te  was f i l t e r e d  o f f  and 
r e c r y s t a l l i z e d  from d i l u t e  methanol (5.44 g , 58%) m.p. 153 - 154°C.
Found; C, 42.41, H, 3.1;  CgH^BrFNO requ ires,  C, 41.4,  H, 3.04%. 
19F n.m.r .  spectroscopy confirmed the s t ruc tu re  ( t r i p l e t ;
6F = -128.9 ppm; = 8.79 Hz).
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4-Bromo-2-f1uoroacetani1ide (3.2 g, 0.138 mol) was dissolved 
in ethanol (15.7 cm^) and concentrated hydroch lor ic acid (3.4 cm^, 
0.04 mol) was added. The mixture was heated at  85°C fo r  1 h, 
d i lu te d  w i th  water (100 cm^) and d i s t i l l e d .  A f te r  c o l le c t in g
3
JZ^ lOO cm o f  d i s t i l l a t e ,  the residual  so lu t ion  was poured in to
3
ice-water  (100 cm ) and sodium hydroxide so lu t ion  ( 5%) added 
w i th  s t i r r i n g  u n t i l  j u s t  a l k a l i n e .  The p rec ip i ta te  was f i l t e r e d  
o f f  and r e c r y s ta l l i z e d  from d i l u t e  methanol to  give white c rys ta ls  
o f  4-bromo-2-f luoroani l1ne (0.8 g, 31%), m.p. 37 - 38°C.
The p u r i t y  o f  the compound was checked by HPLC and GLC, whi le
19F n.m.r .  spectroscopy was used to conf irm the s t ruc tu re  ( t r i p l e t ,  
6F = - 1 3 2 . 6 3  ppm; = 8 . 7 9  H z ,  = 7 . 3 3  H z ,  1 - 4 7  H z ) .
I I .A .2 e  6-Bromo-2-f luoroan i l ine
NHg NHCOCHj NHCOCHj
(CHgCOjgO HSO3CI NH^OH/HgO
SO.Cl
I I
NHCOCH? NHCOCH3 NHp
B rg 70% HgSO^ ^ r ^ ^  F
CH3COOH
SOgNHg SOgNHg
IV V VI
I :  2 -F lu o ro a n i l in e ;  I I :  2-F luoroacetan i1ide; I I I :  4-Chlorosulphonyl-2-
f l  uoroacetani1ide; IV: 4-sulphonamido-2-f luoroacetani1ide;
V: 6-Bromo-4-sulphonamido-2-f luoroacetani1ide; VI: 6-Bromo-2-
f l u o r o a n i l i n e .
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In a two-necked f la s k ,  2 - f luo roace tan i1ide (15.0 g, 0.098 mol)
was treated dropwise w ith chlorosulphonic acid (33 cm^, 14.5 M).
A f te r  the add i t ion  the f la sk  was heated in a water bath fo r  1 h,
cooled and the contents poured with care in to  ice,  the s o l id  was
f i l t e r e d  and washed wi th  a l i t t l e  water, and then treated wi th  a
mixture o f  ammonia (75 cm^, 17 M) and water (75 cm^). The
mixture was heated w i th  occasional sw i r l ing  to j u s t  below the b o i l i n g
po in t  f o r  15 min. cooled and treated with sulphur ic acid (5 M)
u n t i l  acid to Congo Red. The resu l tan t  p rec ip i ta te  was f i l t e r e d ,
G3
drained w e l l ,  washed wi th  cold water and l e f t  to dry overnight.
The dry 4-sulphonamido-2-f luoroacetani  1 ide (7.2 g, 32%) had m.p.
162 - 170°C, l i t T ^ 1 6 2  - 165°C.
4-Sulphonamido-2-f luoroacetani1ide (5.2 g) was dissolved in
3 3
g la c ia l  ace t ic  acid (27 cm ) and treated wi th  bromine (1.1 cm ) in 
g la c ia l  ace t ic  acid (5 cm^). A f te r  the add i t ion o f  bromine, the 
reac t ion  was heated in a water bath f o r  1 h, was s t i r r e d  a t  room 
temperature f o r  7 h, f i l t e r e d  and washed with water to give the bromo- 
su lphonamido- f luoroacetan i1ide , (2.33 g, 33%) m.p. 194°C. The 
brominated product was boi led f o r  30 min wi th sulphur ic acid 
(40 cm^, 70%), cooled and neutra l ized with ammonium hydroxide. A f te r  
steam d i s t i l l a t i o n  the product was extracted wi th  dichloromethane, 
dr ied  (anhydrous sodium su lphate) ,  and the solvent was removed under 
reduced pressure ( ro ta ry  evaporator)  to leave the 6-bromo-2- f l u o r o ­
ani l i n e  (0.09 g, 6 . 8%). The s t ruc tu re  was confirmed using
n.m.r .  spectroscopy (o c te t ;  6F = -131.1 ppm); according to 
the ^^F n .m.r .  spectroscopy analysis i t  was 95% pure in agreement 
w i th  GLC ana lys is .
41
I I . A . 2 f  4-Chlo r o - 2 - f l uoroani1ine
NHg NHCOCH3 NHC0CH3
F / r u  r n \  n  F , F
HCl/EtOH( C H j C O j g O  ' G i g , g
T C T T ^
I I I
I :  2 -F lu o ro an i l in e ;  I I :  2-Fluoroacetani1ide; I I I :  4-Chloro-2-
f l  uoroacetani1ide; IV: 4-Chlo r o - 2 - f l uoroani1ine.
2-F luoroacetan i1ide (7.0 g, 0.046 mol) in carbon 
te t r a c h lo r id e  (20 cm^) was treated dropwise with carbon te t rach lo r ide  
(68.3 g) conta in ing ch lo r ine  gas (3.33 g, 0.047 mol). The add i t ion  
was ca r r ied  out in  an ice bath. The react ion was l e f t  at  room 
temperature w i th  constant s t i r r i n g  f o r  17 h, t reated wi th  a mixture 
o f  concentrated hydroch lo r ic  acid (22 cm^) and ethyl alcohol (22 cm^) 
and heated a t  80 - 90°C under re f l u x  f o r  5 h, a f t e r  which i t  was
trea ted w i th  potassium hydrogen carbonate u n t i l  neutral  to l i tmus 
paper. The organic product was extracted with d ie thy l  ether and 
dr ied  w i th  anhydrous sodium sulphate,  and the solvent was removed 
under reduced pressure ( ro ta ry  evaporator was used). The crude 
mater ia l  (5.37 g) was d i s t i l l e d  under vacuum, the 4 -c h lo ro -2 - f luo ro -  
a n i l i n e  being obtained as a f ra c t io n  b.p.  70^C/18 mm Hg (0.3 g, 3.5%), 
n^^ = 1.5597, l i t ^ ^  n^^ = 1.5541. The p u r i t y  and s t ruc tu re  was 
confirmed by ^^F n.m.r .  spectroscopy ( t r i p l e t ;  6F = -132.8 ppm;
= 9.76 Hz, = 8.78 Hz).
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I I .A .2 g  2-Ch1o ro -6- f 1 uoroani11 ne
A so lu t ion  of  2-ch loro-5-f luorobenzoic  acid
(11.5 g, 0.065 mol) in concentrated sulphur ic acid (50 cm^) was
prepared by s t i r r i n g  a t  70°C fo r  1 h. Sodium azide (5.0 g,
0.075 mol) was added in small port ions to the so lu t ion at  60°C
over a per iod o f  1.5 h. The mixture was allowed to stand
overn igh t ,  a f t e r  which i t  was made basic wi th ammonium hydroxide
and steam d i s t i l l e d .  The product was extracted from the steam
d i s t i l l a t e  w i th  ether and dr ied over magnesium sulphate;  the
so lvent  being removed by a ro ta ry  evaporator. The 2-chloro-6-
f l u o r o a n i l i n e  was d i s t i l l e d  under reduced pressure b.p.  71°/
20 mm Hg, l i t ? ^  91°C/30 mm Hg (5.0 g , 52%). The s t ruc ture  of
19the compound was confirmed by F n.m.r .  spectroscopy 
( 6F = -132.0 ppm; = 9.77 Hz), and by micro-analys is.
Found: C, 49.52; H, 3.41; N, 10.38; C^H^CIFN requires;
C, 49.48; H, 3.43; N, 9.62%.
64
I I .A .2H 4 , 6 -D ic h io ro -2 - f lu o ro a n i l i n e
2 -F luoroan i l ine  (11.1 g, 0.10 mol) was dissolved in  a 
mix ture o f  petroleum ether (b.p.  40 - 60°C, 200 cm^) wi th s u f f i c i e n t
dichloromethane (18 cm ) to give a one-phase system wi th  no 
undissolved o i l .  This so lu t ion  was treated with ch lo r ine  gas 
(keeping a i r  and moisture out as much as possible) u n t i l  no more 
ch lo r ine  gas was absorbed. The p rec ip i ta te  was f i l t e r e d ,  washed 
wi th  a l i t t l e  petroleum ether (b.p.  40 - 60°C) and then added to
3a hot so lu t ion  o f  sodium metabisulphi te ( 10.0 g) in water (100 cm )
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(no f lames),  and the resu l tan t  dark o i l  was steam d i s t i l l e d  and 
r e c r y s t a l l i z e d  from d i l u t e  ethanol to give yel low c rys ta ls  o f
4 , 6 - d i c h lo r o - 2 - f l u o r o a n i l i n e  (0.42 g, 2.33%), m.p. 42 - 43°C.
The p u r i t y  o f  the compound was confirmed by HPLC and GLC.
The s t ruc tu re  o f  the compound was confirmed using n.m.r.  
spectroscopy (doublet ;  6F = -130.0 ppm; = 9.52 Hz) and
m ic ro -ana lys is .
Found; C, 38.56; H, 2.17; N, 7.5;  C^H^NFCl^ requires C, 40.0;
H. 2.23, N, 7.77%.
64I I . A . 2 i  6-Ch loro-3 -f luo roan i  1 ine
6 -C h lo ro -3 - f luo roan i1ine was prepared from
4 - f l u o r o a n i l i n e  as fo l lows
(CHgCOjgO
NHCOCH.
HNOj/HgSO^
NHCOCH.
70% HgSO^
NaNO.
HgSO,
>10°C
n=n5 hso.
HCl
CuCl
C.l
SnCl
V
F
VI
HCl
VII
I :  4 -F lu o ro a n i l in e ;  I I :  4-F luoroacetani1ide; I I I :  2 -N i t ro -4 -
f l  uoroacetan i1i de ; IV: 2 - N i t r o -4 - f l u o ro a n i1 ine; V: Diazonium s a l t ,
VI : 6-C h lo ro -3- f luoron i t robenzene;  V I I :  6 -Ch lo ro -3 - f luo roan i1ine.
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4 - F luoroani l i n e  (11.1 g, 0.01 mol) was treated w ith acet ic
3
anhydride (14 cm ) to give 4 - f l u o ro a c e ta n i1ide which was dissolved
3 3
in  g la c ia l  ace t ic  acid (20 cm ). Sulphur ic acid (30 cm , 18 M) was 
added, the mixture was cooled in ice and s a l t  and a mixture o f  
n i t r i c  acid (4.0 cm^, 70%) and su lphur ic  acid (6.0 cm^, 98%) was 
added at  0 - 10°C. No exotherm was seen u n t i l  the mixture reached 
18°C; the temperature was held below 25°C by j u d i c i a l  cool ing.
The mixture was l e f t  f o r  30 min a t  room temperature and then was 
thrown onto ice (:^ 200 g).  The re s u l t in g  ye l low brown s o l i d ,  a f t e r  
f i l t r a t i o n ,  washing w i th  water and dry ing overnight  (28.0 g) was 
bo i led f o r  30 min w i th  su lphur ic  acid (70%; made by mixing su lphur ic  
acid (80 cm^, 98%), w i th  water (60 cm^)). A f te r  pouring onto ice 
( :^500 g) the s o lu t ion  was d iazot ised by the caut ious add i t ion  o f  
sodium n i t r i t e  (7.2 g, 0.11 mol) in water (15 cm^) a t  :^10°C and 
the r e s u l t in g  so lu t ion  was poured onto cuprous ch lo r ide  (CuCl)
3
(25.0 g) in concentrated hydroch lo r ic  acid (150 cm ) and warmed to 
decompose the o r ig i n a l  p r e c ip i t a t e .
Steam d i s t i l l a t i o n  gave a semisol id o i l  (10.5 g, 60%)which
65,66
was r e c r y s ta l l i z e d  from ethano l ,  m.p. 37 - 38°C, l i t .  37 - 38.5 C;
36°C. 6 -Ch loro-3-f luoron i t robenzene (5.0 g) was dissolved in ethanol
3
(10 cm ), warmed and t rea ted w ith stannous ch lo r ide  (15.0 g) in
3
concentrated HCl (30 cm ).  The bas i f ied  react ion mixture was steam
d i s t i l l e d  to  y i e ld  6 - c h lo ro -3 - f l u o r o a n i l i n e  (1.1 g, 27.3%),
n^^ = 1.5532. HPLC and GLC were used to check the p u r i t y  o f  the 
19compound. F n.m.r .  spectroscopy was used to conf i rm the s t ruc tu re  
which showed a s ing le  peak s p l i t  in to  seven ( 6F = -115.1 ppm.
^  TK c otissolved t n  e fk a m o i, tr fa fc c / u/'YA S n C li  trt Cone .
HCt , hàSiPt '€al Wi'^h JJAO H  S+Cam d i s f i ' l l t c i .
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" 9.52 Hz; = 8.78 Hz).
Found; C, 49.31; H, 3.42; N, 10.2; C^H^NCIF requires C, 49.5;
H, 3.46; N, 9.6%.
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I I . A . 2 j  4 -C h lo ro -3 - f1uoroani1i ne
4 - N i t r o -2 - f lu o ro a c e ta n i1ide (3.78 g, 0.019 mol) was
suspended in su lphur ic  acid (20 cm^, 50%) and boi led gent ly fo r
30 min, cooled, poured onto ice ( ^ 7 0  g) and treated with caut ion
with  sodium n i t r i t e  (1.0 g) in water (2.0 cm^) at  >  10°C, and l e f t
w i th  constant s t i r r i n g  at  room temperature fo r  20 min. The
completeness o f  the d ia z o t is a t io n  was checked, a f t e r  d i l u t i o n  o f  a
drop o f  the mixture w i th  water,  by an immediate blue co lo ra t ion  wi th
potassium iod ide-s ta rch  paper. This so lu t ion  was poured onto
CuCl (3.5 g) in concentrated HCl (21 cm^) and steam d i s t i l l e d .
The d i s t i l l a t e  was ext racted w ith dichloromethane, dr ied wi th
anhydrous sodium sulphate,  and the solvent was removed under reduced
pressure ( ro ta ry  evaporator) to leave a so l id  which re c ry s ta l l i z e d
from d i l u t e  ethanol to give pure c rys ta ls  o f  4 -ch lo ro -3 - f luo roa n i l ine
(0.23 g) m.p. 60°C, l i t . ^ ^ ’ ^^m.p. 61°C; 61-62°C. The p u r i t y  and
19the s t ru c tu re  o f  the compound was confirmed by using F n.m.r .  
spectroscopy ( t r i p l e t ;  6F = -114.3 ppm; = 9.76 Hz,
= 7.07 Hz). Found; C, 48.71; H, 3.33; N, 9.23;
CgH^ClFN requi res C, 49.5;  H, 3.46; N, 9.6%.
I I .A .2 k  4 ,6 -D ich lo ro -3 - f luo roan i  l i ne
3-F luoroacetan i1ide (6.25 g, 0.041 mol) d issolved in 
ni tromethane (15 cm^) was treated dropwise wi th  sulphuryl  ch lo r ide
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3 . . 3(7.Ü cm , 0.085 mol) in ni tromethane (10 cm ) over a period of
30 min in the presence of  concentrated hydroch lor ic  acid 
3( 1.0 cm , 0.01 mol) and w i th  constant s t i r r i n g  at  room temperature, 
and then s t i r r e d  fu r th e r  fo r  48 h. The white p rec ip i ta te  was 
f i l t e r e d  and r e c ry s ta l l i z e d  from d i l u t e  ethanol (5.72 g, 63.
m.p. 124°C, l i t . ^ ^ ' ^ ^ m . p ,  126°C, m.p. 124°C. This 4 ,6 -d ich lo ro -3 -
f lu o ro a c e ta n i1ide (5.0 g, 0.023 mol) was heated at  80°C with
hydroch lo r ic  acid (50 cm^, 20%) f o r  60 h. The amine was iso la ted
by e x t ra c t ion  wi th  ether ,  the ex t rac t  dr ied wi th magnesium sulphate,
and the solvent was removed ( ro ta ry  evaporator).  The p re c ip i ta te
was r e c r y s ta l l i z e d  from d i l u t e  ethanol (0.6 g, 15%) m.p. 65°C,
49 ol i t .  65 - 67 C. HPLC and GLC were used to check the p u r i t y  o f
19the compound and F n.m.r .  spectroscopy ( 6F = -117.6 ppm,
= 9.76 Hz), and micro-ana lys is  were used to conf irm the 
s t ruc tu re  o f  the compound.
Found; C, 40.64; H, 2.29; N, 7.82; C^H^ClgFN requires C, 40.04; 
H, 2.24; N, 7.78%.
04
I I . A . 21 6-Bromo-3-f1uoroani1i ne
6-8romo-3-f luoroan i1ine was prepared by a method 
analogous to tha t  f o r  the preparat ion o f  6 -ch lo ro -3 - f lu o ro a n i1ine 
but rep lacing HCl/CuCl w i th  HBr/CuBr. 2-Ni t r o - 4 - f l u o r o a c e ta n i l ide 
(8 .0 g , 0.04 mol) was dissolved in  sulphur ic  acid (80 cm^, 70%) 
heated gen t ly  under r e f l u x  fo r  30 min cooled, poured in to  ice and 
d iazo t ised  w i th  sodium n i t r i t e  (5.0 g) in water (20 cm^) at  10°C.
The reac t ion  mixture was maintained a t  room temperature wi th 
s t i r r i n g  f o r  2 h, then was t r a n s f e r r ^ i n t o  a f lask  containing
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CuBr (12.5 g) in hydrobromic acid (70 cm^, 60%) warmed to
decompose the diazonium s a l t  and then steam d i s t i l l e d  to give an
o i l  (4.7 g) was separated from the aqueous layer.  SnClg (12.0 g)
was dissolved in concentrated hydroch lor ic acid (20 cm^) and
poured down the re f l u x  condenser to react wi th the n i tro-compound
obtained from the steam d i s t i l l a t i o n  (4.0 g).  The f lask  was
shaken s te a d i l y  to ensure thorough mixing and the mixture heated on
a b o i l i n g  water bath fo r  30 min u n t i l  the odour o f  n i t roarene was
no longer percep t ib le .  The react ion mixture was cooled to room
temperature and gradual ly  a so lu t ion  o f  sodium hydroxide (50%)
was added u n t i l  the mixture was s t rong ly  a l k a l ine .  The resu l t in g
o i l  a f t e r  steam d i s t i l l a t i o n  was extracted with dichloromethane,
dr ied  over anhydrous sodium sulphate and the solvent was removed by
using the ro ta ry  evaporator to leave the halogenated a n i l i n e
(1.63 g) .  The HPLC and GLC analysis ind icated tha t  the product
was not pure but contained some 3 - f l u o ro a n i l i n e  and 6-bromo-3-
19f luoron i t robenzene.  F n.m.r .  spectroscopy confirmed tha t  the 
product was a mixture o f  6-bromo-3-f luoroani1i ne ( 6F = -114.5 ppm 
(30%)), 6-bromo-3-f luoroni trobenzene ( 6F = -115.5 ppm (58%) and
3 - f l u o r o a n i l i n e  ( 6F = -113.4 ppm, (12%)).
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11.A. 2m 4-Bromo-3-f luoroan i l ine
4-N it r o - 2 - f luoroacetan i1ide (0.88 g) was 
converted to 4- n i t r o - 2- f l u o r o a n i1ine by hydrolys is wi th  sulphur ic
acid ( 20 cm^, 70^ and th is  was diazot ised with caut ion by the 
add i t ion  o f  sodium n i t r i t e  (0.67 g) in water (5.0 cm^) a t  ^  10^  
The reac t ion  l e f t  to stand at  room temperature wi th f requent
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s t i r r i n g  fo r  30 min. The react ion so lu t ion  was poured onto 
cuprous bromide (2.5 g) in hydrobromic acid (50 cm^, 60%), 
warmed and steam d i s t i l l e d .  The bromo-compound was extracted 
w i th  dichioromethane, dr ied over anhydrous sodium sulphate and the 
solvent  was removed by the ro ta ry  evaporator to leave a so l id  
(0.77 g) m.p. 87 - 90^0. The so l id  was dissolved in ethanol
and trea ted w i th  SnCl2 (3.0 g) in concentrated hydroch lor ic acid
3
(20 cm ) ,  heated f o r  20 min in a water bath, cooled, bas i f ied
wi th  sodium hydroxide so lu t ion  and steam d i s t i l l e d .  The d i s t i l l a t e
was extracted wi th dichloromethane and dr ied over anhydrous sodium
sulphate.  A f t e r  removing solvent the so l id  o f  bromo-f luoroani1i ne
was r e c r y s t a l l i z e d  from d i l u t e  ethanol (0.3 g, 45%) m.p. 67°C.
HPLC and GLC were used to check the p u r i t y  o f  the product.
19F n.m.r .  spectroscopy was used to conf i rm the s t ruc tu re  ( t r i p l e t ;
5 F =-107.8 ppm; = 9.77 Hz; = 6.84 Hz) as well  as
m ic ro -ana lys is .  Found; C, 37.94; H, 2.59; N, 7.34;
CgH^BrFN requires  C, 37.92; H, 2.65; N, 7.37%.
I I .A .2 n  2 ,4 ,6 -T r ib rom o-3 - f luo roan i l ine  
NH,
Brg/CHgCOOH
3-F luoroan i1i ne 2 ,4 ,6-Tr ibromo-3-f  1 uoroani 1 i ne
3 -F luo roan i l ine  (6.11 g, 0.055 mol) dissolved in g lac ia l  ace t ic  
acid (24.5 cm^) was treated dropwise wi th  caut ion wi th bromine 
(9.5 cm^, 0.185 mol) in g lac ia l  ace t ic  acid (19 cm^), whi le the
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s o lu t ion  was well  s t i r r e d  by a magnetic s t i r r e r .  The react ion 
mixture was al lowed to stand fo r  1.5 h at  room temperature wi th 
f requent s t i r r i n g  and was then treated with a so lu t ion  o f  sodium 
metab isu lph i te  to remove the extra bromine, a f t e r  which the 
r e s u l t in g  p r e c ip i t a te  was f i l t e r e d ,  washed with water and 
r e c r y s t a l l i z e d  from methanol (12.8 g, 67%), m.p. 91°C. The 
p u r i t y  o f  the compound was checked by HPLC and GLC. n.m.r .
spectroscopy was used to conf i rm the s t ruc tu re  o f  the product 
(doub le t ;  6F = -98.0 ppm; = 7.32 Hz) as well  as the micro­
ana lys is .  Found; C, 20.83; H, 0.88; N, 3.99; C^H^Br^NF 
requ ires C, 20.71; H, 0.87; N, 4.02%.
I I . A .20 2-Bromo-4-f1uoroani1i ne
4-F luoroan i1ine (5.5 g, 0.05 mol) in dichloromethane 
(50 cm^), was cooled to 0°C and t reated dropwise with
3
N-bromosuccinimide (9.0 g, 0.051 mol) in dichloromethane (50 cm ),
the reac t ion  mixture was al lowed to stand at  25°C with s t i r r i n g
f o r  10 min. 2 -Bromo-4 -f luoroan i l ine was obtained from the
f ra c t io n a l  d i s t i l l a t i o n  o f  the reac t ion mixture (1.4 g, 23%)
36
b.p.  60 - 6 4 ^ 0 . 7  mm Hg, m.p. 23°C, l i t .m p .2 2  - 23°C, b.p.  46 -
47°C/0.05 mm Hg. The p u r i t y  and s t ruc tu re  o f  the compound were 
checked by using ^^F n.m.r .  spectroscopy (quar te t ;  6F = -125.6 ppm 
(91%); °J^p = 7.8 Hz, ^J^p = 4.9 Hz), the impur i t ies  were i d e n t i f i e d  
as 4 - f l u o r o a n i l i n e  (6%) and 2,6 -d ib romo-4- f luoroan i l  ine (3%).
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11.A. 2p 2 ,6-D ibromo-4-f1uoroani1i ne
A so lu t ion  o f  bromine (1.6 cm^, 0.03 mol) in g lac ia l
O
ace t ic  acid ( 1.2 cm , 0.02 mol) was added dropwise to a so lu t ion  
o f  4 - f l u o r o a n i l i n e  ( 1.11 g, 0.01 mol) in g lac ia l  ace t ic  acid
3
( 1 . 2 cm , 0.02  mol).The mixture was heated on the water bath under 
r e f l u x  f o r  1 h, al lowed to cool to room temperature and the 
p re c ip i ta te d  product was f i l t e r e d  and re c ry s ta l l i z e d  from d i l u t e  
ace t ic  acid (1.5 g, 56%) m.p. 65°C, l i t . ^ ^  68°C. HPLC and GLC 
ana lysis showed th is  2 ,6 -d ib romo-4- f luo roan i1ine to be pure;
n .m.r .  spectroscopy ( t r i p l e t ;  &F = -125.1 ppm, = 7.8 Hz), 
i d e n t i f i e d  the product.
I I .A .2 q  2 -C h lo ro -4 - f luo roan i l  ine
4-F luoroacetan i1ide (2.76 g , 0.018 mol) was dissolved
3 3in ni tromethane (30 cm ) t reated wi th  sulphuryl  ch lo r ide  (3.0 cm ,
3
0.036 mol) in  ni tromethane (20 cm ) and the react ion mixture heated 
f o r  3.5 h a t  80°C with  constant s t i r r i n g .  The solvent was removed 
using the ro ta ry  evaporator.  The residue was dissolved in  hot 
e thano l ,  t rea ted  w i th  charcoal ,  f i l t e r e d  through sin tered glass G4 
and r e c r y s t a l l i z e d  from d i l u t e  ethanol (0.72 g, 18%) m.p. 115°C,
l i t .  115 - 116°C. This 2 -c h lo ro -4 - f luo roace tan i1ide (0.65 g,
30.0035 mol) was t rea ted w ith hydroch lor ic  acid (3.5 cm , 6N) and 
the mixture was re f luxed fo r  1 h and al lowed to stand at  room 
temperature overn igh t .  The react ion mixture so lu t ion  was treated 
with sodium hydroxide (4.5 cm , 5N) and extracted four  times with 
dichloromethane. The combined organic layers were dr ied over 
anhydrous sodium sulphate and the solvent was removed using the
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ro ta ry  evaporator.  The brownish yel low l i q u id  obtained (0.31 g,
1962%) was id e n t i f i e d  by F n.m.r .  spectroscopy (quar te t ;
5F = -125.6 ppm; = 7.32 Hz; = 5.86 Hz) and by micro­
ana lys is  .
Found; C, 49.07; H, 3.40; N, 10.55; C^H^CIFN requires 
C, 49.85; H, 3.46; N, 9.69%.
I I . A . 2 r  2 ,6 -D ic h lo ro -4 - f l u o ro a n i1ine^^
2 ,6 -D ic h lo ro -4 - f l u o ro a n i1ine was prepared from
3 ,5 -d ic h lo r o a n i1ine as f o l l o w s : -
C1
NH^
D iazo t isa t ion
F luo r ina t ion^^
Cl
I I
N itra t io n
Cl
F
NO,
Cl
I I I
Reduction
Cl
V
NH,
Cl
VI
I :  3 ,5 -D ic h lo ro a n i1ine; I I :  3 , 5-Dichlorofluorobenzene;
I I I :  3 ,5 -D ich lo ro -2 -n i t ro f luo robenzene ;  IV: 3,5-Dich1oro-4-
n i t r o f 1uorobenzene; V: 4 ,6 -D ich lo ro -2 - f luo roan i l  ine;
VI : 2 ,6 -D ic h lo ro -4 - f l u o ro a n i l i n e .
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3,5-Dich1oroani1ine (16.2 g, 0.1 mol) was dissolved in a 
mixture o f  concentrated hydroch lor ic acid (40 cm^) and water 
(40 cm^) cooled to -5°C in a bath o f  ice and s a l t ,  and a so lu t ion  
o f  sodium n i t r i t e  (7.0 g, 0.1 mol) in water (15 cm^) was added in 
small por t ions .  A cooled so lu t ion  o f  sodium borof luor ide (30 g,
0.27 mol) in water (40 cm ) was added slowly to the diazonium s a l t  
s o lu t ion .  A f te r  standing f o r  10 min wi th f requent s t i r r i n g ,  the 
p r e c ip i t a t e  was f i l t e r e d ,  drained and washed with ice water 
( 2  30 cm^), methanol (30 cm^) and ether (30 cm^); the so l id  was 
sucked as f ree  as possible from l i q u i d  a f t e r  each washing. The s a l t  
was spread upon absorbent f i l t e r  paper and dr ied overnight in  a i r .
The dry dichloro-benzenediazonium f luorobora te  was heated gent ly  w i th 
a small luminous flame at  one po in t  near i t s  surface u n t i l  
decomposit ion began. The caut ious heating was continued from time to 
time u n t i l  the decomposition appeared complete and no more fumes were 
evolved when the f la s k  was heated s t rong ly .  The d i s t i l l a t e  was washed 
w i th  water,  and the o i l  was steam d i s t i l l e d  from d i l u t e  sodium hydroxide 
R e d i s t i l l a t i o n  gave 3 ,5-d ich loro-f luorobenzene (10.05 g, 61%) 
b.p.  160 - 162°C/760 mm Hg, b.p.  160°C.
The product 3,5-d ich lorof luorobenzene (1.0 g) was dissolved in 
fuming n i t r i c  acid ( 5.0 cm , 95^ a t  room temperature. When the 
react ion product was poured in to  w a te r , i t  gave a p rec ip i ta te  which was 
f i l t e r e d  and d r ied ,  n.m.r .  spectroscopy was used to i d e n t i f y  the 
product,  which showed i t  was a mixture of  3 ,5 -d ic h lo ro -4 -n i t r o f l u o ro -  
benzene ( t r i p l e t ;  6F =-102.4 ppm (62%);
= 7.81 Hz), and 3 , 5- d i c h l o r o - 2-n i t ro - f luorobenzene (doublet ;
6F = -116.2 ppm (38%), = 8.79 Hz).
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The mixed nitrocompound was dissolved in ethanol (2 cm^) 
and t rea ted wi th  SnCl2 (3.0 g) in concentrated HCl (20 cm^), heated 
on a water bath f o r  20 min, cooled, bas i f ied  and steam d i s t i l l e d  to 
give the d i c h lo ro f lu o ro a n i1i ne (0.65 g) which was extracted with 
dichloromethane, dr ied (Na^SO^), and the solvent was removed by 
ro ta ry  evaporator to leave an o i l .  ^^FM.m.r.  spectroscopy
was used to show tha t  the o i l  was a mixture o f  2 , 6- d ic h lo ro - 4- 
f l u o r o a n i l i n e  ( t r i p l e t ,  6 F = -123.8 ppm, (63%); = 8.05 Hz,
^J^F " 8-05 H z ) ,4 ,6 -d i c h lo ro -2 - f lu o ro a n i l i n e  (doublet ;  
ôF = -128.4 ppm (36%); = 8.79 Hz, = 1.46 Hz) and
3 ,5 -d ich lo ro -4 -n i t ro f luo robenzene  ( t r i p l e t ;  ô F =-103.2 ppm, (1%);
= 7.3 Hz).
I I . A . 3 Bromination o f  Fluorophenols using Potassium Bromate/ 
Potassium Bromide as Source o f  Bromine 
Throughout th is  sect ion ,  bromine (0.01 mol) was obtained 
by d i sso lv ing  potassium bromate (0.556 g, 0.0033 mol) in water
3
(25 cm ),  and adding potassium bromide (1.0 g) and then concentrated 
hydroch lo r ic  acid (1.0 cm ). Other quan t i t ies  o f  bromine were 
ob ta in ing  by changing these amounts in proport ion.
11.A.3a Bromination o f  2- f luorophenol
2-Fluorophenol (1 .12‘ g, 0.01 mol) was suspended in 
d i s t i l l e d  water (50 cm^) w i th  vigorous s t i r r i n g  and was treated 
dropwise w ith  bromine (0.01 mol) . The react ion product was extracted 
by shaking w i th  ether (25 cm^). The ex t rac t  was dr ied wi th  anhydrous 
sodium sulphate and the solvent was removed by ro ta ry  evaporator to 
leave a brownish yel low o i l .
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In the same way 2 f luorophenol  (1.12 g , 0.01 mol) was treated 
dropwise with  bromine (0.02 mol).
The reac t ion products were analysed by HPLC, GLC and n.m.r .  
spectroscopy; the resu l ts  obtained are recorded in Table I I . 1.
11.A.3b Bromination o f  3- f luorophenol
3-Fluorophenol (1.12 g , 0.01 mol) ,  suspended in water
3
(50 cm )w i t h  s t i r r i n g ,  was treated dropwise wi th  bromine (0.01 mol)
w i th in  a per iod o f  30 min, the reac t ion  mixture remained at  room
temperature f o r  f u r th e r  30 min wi th constant s t i r r i n g .  The product
was extracted wi th  ether f o r  three times and the combined extracted
were dr ied  w i th  anhydrous sodium sulphate.  The solvent was removed
by using ro ta ry  evaporator.
In another f la s k  3-fluorophenol was brominated by the same method
using two molecular proposi t ions  o f  bromine.
The re s u l ta n t  product in both cases was analysed by using 
19HPLC, GLC and F n.m.r .  spectroscopy. The resu l ts  obtained are 
recorded in Table 11.2.
I I .A .3 c  Bromination o f  4- fluorophenol
An aqueous so lu t ion  o f  4- f luorophenol  (1.12 g , 0.01 mol)
3
was t rea ted w i th  bromine (0.01 mol) in water (25 cm ) over a period 
o f  1 h. The mixture was extracted wi th  ether and the combined organic 
layers were dr ied w i th  anhydrous sodium sulphate.
At the same time 4- f luorophenol  (1.12 g , 0.01 mol) in water 
(50 cm^) was t reated w ith bromine (0.02 mol) . The resu l tan t  product 
was extracted w ith  e ther ,  dr ied w i th  anhydrous sodium sulphate and the
so lvent was removed with  ro ta ry  evaporator.
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The product obtained in both cases was analysed by HPLC, GLC 
19and F n.m.r .  spectroscopy. The resu l t s  obtained are recorded 
in Table 11.3.
I I . A . 4 Ch lo r ina t ion  o f  FIuorophenols using sulphuryl Chloride 
as Source of  Chlor ine 
I I .A .4a  Ch lo r ina t ion  of  2- f luorophenol
2-Fluorophenol (1.53 g , 0.0136 mol) dissolved
3
in chloroform (15 cm ) was cooled in  ice and treated dropwise with 
sulphury l  c h l o r i d e ( l .12 cm^, 0.0136 mol) in chloroform (10 cm^).
The reac t ion  mixture was heated in an o i l  bath at  74°C f o r  1 h, and 
l e f t  to cool to room temperature. The solvent was removed under 
reduced pressure ( ro ta ry  evaporator) .
In the same way 2-f luorophenol  (1.4 g , 0.0125 mol) was treated 
with sulphury l  ch lo r ide  (2.06 cm^, 0.025 mol) in a to ta l  volume of
3
chloroform o f  25 cm .
These react ion products were analysed by HPLC, GLC and 
^^F n .m.r .  spectroscopy. The analyses obtained are given in Table I I . 1
I I .A .4 b  Ch lo r ina t ion  o f  3- f luorophenol
3
Two round-bottomed 100 cm f lasks were used f o r  the 
reac t ion  between 3- f luorophenol  and sulphuryl  ch lor ide.  In the 
f i r s t  f l a s k  the c h lo r in a t io n  o f  3- f luorophenol  was carr ied out by 
t re a t in g  3- f luorophenol  dropwise w ith one molecular por t ion of  
sulphury l  ch lo r ide  in chloroform. In the second f lask  3- f luorophenol 
(1.43 g, 0.0128 mol) d issolved in chloroform (15 cm ) was cooled in an
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ice bath and treated wi th  sulphuryl  ch lo r ide ( 2.1 cm^, 0.0256 mol) 
in  chloroform (10 cnF). The two f lasks wi th  t h e i r  contents were 
heated under r e f l u x  fo r  45 min in an o i l  bath a t  84°C. They were 
al lowed to cool and the solvent was removed by using ro ta ry  evaporator 
The products were analysed by using HPLC, GLC and n.m.r.  
spectroscopy. The resu l t s  obtained are recorded in Table I I . 2.
11.A.4c Ch lo r ina t ion  o f  4- f luorophenol
In a round-bottomed f la s k ,  4- f luorophenol  (1.12 g,
30.01 mol) in  chloroform (15 cm ) was treated dropwise wi th  
sulphury l  ch lo r ide  ( 0.88 cm^, 0.01 mol) in chloroform (10 cm^).
In another round-bottomed f la s k ,  4- f luorophenol  (1.12 g,
0.01 mol) in chloroform (15 cm ) was treated dropwise with sulphuryl
3 3
ch lo r ide  (1.64 cm , 0.02 mol) in chloroform (10 cm ). The react ion
mixtures were maintained under re f l u x  fo r  7 h. in an o i l  bath at
74°C. They were cooled and the resu l tan t  products were analysed
19by using HPLC, GLC and F n.m.r .  spectroscopy. The resu l ts  are 
recorded in  Table 11.3.
I I . A . 5 Bromination o f  F iuoroan i1ines using Potassium Bromate/
Potassium Bromide as Source o f  Bromine 
Throughout th is  sect ion ,  bromine (0.01 mol) was obtained 
by d i sso lv ing  potassium bromate (0.556 g, 0.0033 mol) in water 
(25 cm^) and adding potassium bromide ( 1.0 g) and then concentrated 
hydroch lo r ic  acid (1.0 cm^). Other quan t i t ies  o f  bromine were 
obtained by changing these amounts in proport ion.
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11. A.5a Bromination o f  2 - f l u o ro a n i1i ne
2-F luo roan i l ine  ( 1.11 g, 0.01 mol) suspended in
d i s t i l l e d  water (50 cm ) was treated dropwise with bromine
(0.01 mol) .  The reac t ion product was extracted by shaking wi th ether 
3
(25 cm ). The organic layer  was dr ied wi th  anhydrous sodium sulphate,
f i l t e r e d  and the solvent  was removed under reduced pressure ( ro ta ry
evaporato r) .  The resu l tan t  react ion mixture was analysed by using 
19HPLC, GLC and F n.m.r .  spectroscopy. The resu l ts  obtained are
shown in Table I I  .4.
In the same way, 2 - f l u o ro a n i1ine (1.11 g, 0.01 mol) was treated
wi th  bromine (0.02 mol) . A f te r  work up the react ion product was
19analysed; HPLC, GLC and F n.m.r .  spectroscopy; data are shown 
in Table I I . 4.
11.A.5b Bromination o f  3 - f l u o ro a n ^ i1ine
In a round-bottomed f la s k ,  3 - f l u o ro a n i l i n e  (1.11 g,
3
0.01 mol ) ,  suspended in d i s t i l l e d  water (50 cm ) was treated wi th  
bromine s o lu t ion  (0.01 mol) . In another round-bottomed f l a s k ,
3 - f l u o r o a n i l i n e  (1.11 g, 0.01 mol) ,  suspended in d i s t i l l e d  water
o
(50 cm ) was trea ted w ith  bromine so lu t ion  (0.02 mol). The 
brominated product was extracted w ith e ther ,  the aqueous layer  washed 
w i th  e the r ,  the combined organic layers were dr ied wi th anhydrous 
sodium sulphate and the solvent was removed. The resu l ts  were 
obtained from analysing the reac t ion  product by HPLC, GLC and 
^^F n .m.r .  spectroscopy techniques are recorded in Table I I . 5.
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I I .A .5 c  Bromination of  4 - f l u o ro a n i l i n e
The bromination o f  4 - f l u o ro a n i l i n e  was carr ied out in 
the same way as the bromination o f  2- f l u o ro a n i l i n e  and
3 - f l u o r o a n i l i n e .  One product was obtained from the react ion between
4 - f l u o r o a n i l i n e  {1.11 g, 0.01 mol) wi th  bromine (0.01 mol). The 
o ther  was obtained from the react ion between 4 - f l u o ro a n i1ine ( 1.11 g,
0.01 mol) w i th  bromine (0.02 mol).
The res u l t s  were obtained from using HPLC, GLC and n.m.r .  
spectroscopy techniques f o r  analysing the react ion products are 
recorded in Table 11.6.
11.A. 6 Ch lo r ina t ion  o f  F luoroan i l ine  using Sulphuryl Chloride
as Source o f  Chlorine
Sulphuryl ch lo r ide  was used as a source o f  ch lo r ine  
in the presence o f  aluminium ch lo r ide  as a c a t a l y s t : -
SOgClg SOg + Cl 2
AICI3 + SO2CI2 AICI3 .SO2 + CI2
The e f f e c t  o f  aluminium ch lo r ide  is a t t r ib u te d  to the format ion 
o f  aluminium su lphury lch lo r ide  AICI3 .SO2 as an intermediate.
I I . A . 6a Ch lo r ina t ion  o f  2 - f l u o ro a n i l i n e
1. 2 -F luo roan i l ine  (1.94 g, 0.0175 mol) was dissolved 
in  dry d ie th y l  ether  {20 cm^) and treated dropwise wi th  sulphuryl  
ch lo r ide  (1 .5  cnT, 0.0183 mol) in  dry die thy l  ether (30 cm^) in  the
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presence o f  aluminium ch lor ide  (2.33 g) as a c a ta lys t .  A f te r  adding 
the ca lcu la ted  amount of  sulphuryl  ch lo r ide ,  the react ion mixture was 
s t i r r e d  f o r  45 min at  room temperature.
2 . 2 -F luoroan i l ine  (1.18 g , 0.0106 mol) was dissolved
in dry d ie th y l  ether (20 cm ) wi th s t i r r i n g  and treated dropwise
wi th  su lphuryl  ch lo r ide  (1.7 cm^, 0.0208 mol) dissolved in dry
3d ie th y l  ether (30 cm ) in the presence of  aluminium chlor ide
(2.66 g) as c a ta ly s t .  The react ion mixture was maintained with
constant s t i r r i n g  f o r  45 min a t  room temperature.
The reac t ion  mixtures obtained from 1. and 2. were each trea ted
w i th  potassium hydrogen carbonate u n t i l  the medium became a lk a l in e .
The organic and aqueous layers were separated. The aqueous layer
was washed w i th  dry d ie thy l  ether twice and the organic layers were
combined and dr ied w i th magnesium sulphate.  The solvent was removed
under reduced pressure ( ro ta ry  evaporator) .
The re s u l ta n t  reac t ion mixtures were analysed by using HPLC,
1QGLC and F n .m.r .  spectroscopy and the resu l ts  obtained are recorded 
in  Table I I . 4.
I I . A . 6b Ch lo r ina t ion  o f  3 - f l u o ro a n i l i n e
3 -F luoroan i l ine  (0.9 g, 0.008 mol) dissolved in dry 
d ie th y l  ether (20 cm^) was treated dropwise w ith constant s t i r r i n g  
w i th  su lphuryl  ch lo r ide  (0.67 cm^, 0.008 mol) in dry d ie thy l  ether 
(30 cm^) in the presence o f  aluminium ch lo r ide (1.09 g) as c a ta ly s t .  
The reac t ion  mixture was allowed to stand at  room temperature f o r  
45 min w i th  constant s t i r r i n g .  Af terwards, a so lu t ion  o f  potassium
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hydrogen carbonate was added to the react ion mixture u n t i l  the
medium became a lk a l i n e .  The organic layer was separated and the
aqueous layer  was washed wi th ether ,  the combined organic layers
were dr ied  w i th  dry magnesium sulphate.  The solvent was removed /
by u s in g / ro ta ry  evaporator.
The components o f  the resu l tan t  react ion mixture were separated
chromatographical ly by HPLC and by GLC. They could also be 
19d is t ingu ished  by F n.m.r .  spectroscopy. The resu l t s  obtained 
are shown in  Table I I .5.
In the same way the react ion was car r ied  out between 
3 - f l u o r o a n i l i n e  (1.11 g, 0.01 mol) and sulphuryl  ch lo r ide  (1.64 cm^,
0.02 mol) .  By the same technique the resu l tan t  product was 
i d e n t i f i e d  and the resu l ts  are recorded in Table I I . 5.
I I . A . 6c Ch lo r ina t ion  o f  4 - f l u o ro a n i l i n e
Ch lo r ina t ion  o f  4 - f l u o r o a n i l i n e  using sulphuryl
c h lo r ide  was ca r r ied  out in the same way as the ch lo r ina t io n  o f
2 - f l u o r o a n i l i n e  and 3 - f l u o r o a n i l i n e .
1 qHPLC, GLC and F n.m.r .  spectroscopy data,  shown in Table I I . 6 , 
r e fe r  to the components in the mixtures obtained from the react ion 
of  4 - f l u o r o a n i l i n e  (1.49 g, 0.0134 mol) wi th sulphuryl  ch lor ide 
(1.1 cm^, 0.0134 mol) ,  and the react ion product o f  4 - f l u o ro a n i l i n e  
(1.6 g , 0.0144 mol) w i th  sulphuryl  'ch lor ide (2.36 cm^, 0.0288 mol)
in the presence o f  AlClg as c a ta ly s t
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I I . B Ana ly t ica l  Measurements and Working Procedure 
19I I - B . l  F Nuclear Magnetic Resonance Spectroscopy 
19( F n.m.r .Spectroscopy) .
I t  is  fo r tuna te  tha t  the f luo r ine-19- iso tope
has 100% natural  abundance and l i k e  has spin but the signal
response f o r  a given number o f  nuclei  is  however, about 20%
weaker than f o r  the same number of  hydrogen nuc le i .  The range
of f  1 uor ine-19-chemical  s h i f t s  is many times greater than the
19range of  proton chemical s h i f t s .  The la rger  range of  the F
chemical s h i f t s  is a t t r ib u te d  to the large paramagnetic
con t r ibu t ions  to the sh ie ld ing constants a r is ing  from the f lu o r in e  
6B
atoms. Tr ich lorof luoromethane has been used as reference standard
because i t  has the advantage o f  being v o l a t i l e  and the f lu o r in e
19resonances occurs a t  low f i e l d ,  well  away from other F resonance
signals o f  f luo roca rbons .
19The F n.m.r .  spectra o f  organic f luo r in e  compounds are 
character ized by large chemical s h i f t  and strong spin-spin in te rac t ion
between  ^ H, ^^F and ^^F, ^^F nuc le i .  The re la t i v e  magnitude
of  the p r o to n - f 1uor ine coupl ing constantr i n - p a r t i a l l y  f luo r ina ted
aroma t i c s  are^?
ortho H-F 6 to 10 Hz
meta H-F 6 to 8 Hz
para H-F ^ 2  Hz 
elsewhere ortho H-F 8 to 12 Hz 
meta H-F 5 to 8 Hz
para H-F 1.5 to 2.5 Hz
In f lu o r in a te d  aromatics extensive coupling o f  f lu o r in e  atoms 
to the other f lu o r in e  subst i tuents  also occurs although the magnitude
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of  the coupl ing constants tends to be ra ther  var iab le .
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Representat ive values o f  F-F aromatic coupling constants are
ortho F-F 20 Hz
meta F-F -20 to +20 Hz
para F-F 5 to 18 Hz
19
F N.m.r.  spectroscopy was used to i d e n t i f y  the st ructures o f  
the halogenated products o f  f luorophenols and f l u o ro a n i l i n e s .  In 
t h is  work a Jeol FX-90Q spectrometer operating at  84.26 MHz was used 
and t r ich lo ro f luoromethane (CFCI3 ) was used as in te rna l  standard fo r  
a l l  samples.
I I . B . 2 Chromatography
Chromatography is  a method of  separation o f  the components 
o f  a mixture which depends upon the r e la t i v e  a f f i n i t i e s  o f  the various 
so lu te  molecules f o r  the s ta t iona ry  phase and the mobile phase, 
whatever they may be. The chromatographic methods are c la s s i f ie d  
according to the type o f  s ta t iona ry  and mobile phases used and the 
form in which they are present,  and by the d i f f e r e n t  mechanisms which 
cont ro l  separat ion,  e.g.  Thin Layer Chromatography (TLC), Gas 
Chromatography (GC) which i t s  sub-d iv is ions Gas-Liquid Chromatography 
(GLC) and Gas-Solid Chromatography (GSC), L iq u id -S o l id  (Adsorpt ion) 
Chromatography (LSC) and L iqu id -L iqu id  ( P a r t i t i o n )  Chromatography 
(LLC). The modernization and the development o f  l i q u id  chromatography 
is ca l led  High-Performance Liquid  Chromatography (HPLC).
63
In t h is  work HPLC and GLC were used to invest iga te  the 
halogenated products of  f luorophenols and f luo roa n i l ine s .
(a) HPLC: A Varian model 5000 Liquid Chromatography 
machine was used to separate the resu l tan t  react ion mixtures. 
Halogenated products o f  f luorophenols were separated by using 
Part i  si  1 lO-ODS Column, degassed a c e t o n i t r i l e  (40%)/deionised 
water (60%) as e luent ,  f low rate  1 cm^/min., UV detector  at  wave­
length 254 nm, the appropr iate d i l u t i o n s  were made from the stock 
so lu t ions  o f  samples in methanol, the in je c t io n  volume was
10 wdm^  and the temperature was 25.0°C. A l l  sample solut ions 
were f i l t e r e d  before use.
Halogenated products o f  f l uo roa n i l ine s  were separated by the 
same way using a Spherisorb S5-0DS column, and methanol (70%)/ 
deionised water (30%) as eluent.
(b) GLC: A Pye Uni cam ser ies 104 Chromatography machine was
used to analyse the halogenated products of  f luorophenols and 
f l u o r o a n i l i n e s  q u a l i t a t i v e l y  and q u a n t i ta t i v e ly .  A Carbowax 1500 
(20%) Gas Chrom P column was used with a flame ion isa t ion  de tec tor ,
3
and n i t rogen gas as c a r r i e r  gas a t  f low rate 40 cm /min.
The appropr ia te  d i l u t i o n s  were made from the stock so lu t ions
3
o f  samples in methanol, the in je c t io n  volume was 2y dm . The 
separat ion o f  some reac t ion  products were car r ied  out at  190^0 
and the others were car r ied  out at  150°C.
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Table I l . l
Ana l y t i c a l  Resul ts of  Halogenated Products of  2-Fluorophenol
HPl C a n a l y s i s GLC a n a ly s i s ’ ^F n. m . r .  spe c tros copy
a t  2b C a t  190 C .
Compound R e t e n t i o n
t im e
(m in )
Area
(cm^)
R e te n t i o n
t im e
(m in )
S 1 f t
Y i e l d
(X )
Y i e l d
(X )
Expected^
(ppm)
Found
(ppm)
Comments
2 -F luorophe no l 4 . 5 - 1 .3 100 - 1 3 8 . 1 0 - 1 4 1 . 5 100 2 - F 1 u o ro p h e n o l .
6-Broino-?- f lu o ro p h e n o l 5 . 8 - 3 . 3 69 - 1 3 8 . 7 8 - 1 3 4 . 0 71 6 - B r o m O '2 - f lu o ro p h e n o l  .
4 - B r o m o -? - f lu o ro p h e n o l 6 . 7 - 5 . 0 100 - 1 3 8 . 7 8 - 1 3 7 . 8 100 4 -Brom o-2 - f l u o r o p h e n o l .
4 , 6 ' D ) b r o m o - 2 - f 1u o r o ­
phenol
8 . 2 1 1 .0 100 -1 3 7 . 0 4 - 1 3 1 . 4 100 4 , 6 - D i b r o m o - 2 - f l u o r o ­
phenol .
2 -F luorophe no l  and 4 . 5 0 . 9 3 1 . 3 12 - 1 3 8 . 1 0 - 1 4 1 . 0 12 2 - F l u o r o p h e n o l .
Brg ( B r O j ' / B r ' ) 5 . 8 0 . 7 4 3 .4 9 - 1 3 8 . 7 8 - 1 3 3 . 7 8 6 - B r o m o - 2 - f l u o r o p h e n o l .
( 1 :1 ;  0 .01  m ol) 6 . 5 5 . 6 9 5 . 0 66 - 1 3 8 . 7 8 - 1 3 7 . 2 65 4 - Bromo-2 - f l u o r o p h e n o l .
8 . 3 4 . 0 0 1 1 . 0 13 - 1 3 7 . 0 4 - 1 3 1 . 1 15 4 , 6 - D ib r o m o - 2 - f l u o r o p h e n o l .
2-F luorophe no l  and 4 . 5 0 . 4 2 1 . 3 8 - 1 3 8 . 1 0 - 1 4 1 . 7 6 2 - F l u o r o p h e n o l .
BCg (BrO]  / B r ' ) 5 . 8 0 . 3 2 3 . 4 6 - 1 3 8 . 7 8 - 1 3 4 . 3 7 6 -Brom o-2 - f l u o r o p h e n o l .
(0 .0 1  mol p h e n o l , 6 . 5 3 . 7 5 4 . 7 63 - 1 3 8 . 7 8 - 1 3 8 . 0 64 4 - B r o m o - 2 - f l u o r o p h e n o l .
0 .02  mol Brp) 8 . 4 4 .5 1 1 1 . 0 23 - 1 3 7 . 0 4 - 1 3 1 . 6 23 4 , 6 - D i b r o m o - 2 - f l u o r o p h e n o l .
2-F luoropheno l  and 5 . 8 * 2 . 9 6 1 .4 23 - 1 3 8 . 1 0 - 1 4 1 . 5 22 2 - F l u o r o p h e n o l .
SOgClg ( 1 : 1 ;  0 . 0 1  m ol ) 7 . 9 2 . 5 4 2 . 5 23 - 1 3 9 . 0 6 - 1 3 4 . 8 24 6 - C h l o r o - 2 - f l u o r o p h e n o l .
9 . 6 3 . 7 5 3 .4 54 - 1 3 9 . 0 6 - 1 3 7 . 7 54 4 - C h l o r o - 2 - f l u o r o p h e n o l .
2 -F luorophe no l  and 5 . 8 ' 1 .3 2 1 .4 15 - 1 3 8 . 1 0 - 1 4 1 . 3 8 2 - F l u o r o p h e n o l .
SOgClg ( 0 .0 1  mol p h e n o l , 8 . 0 3 . 1 3 2 . 5 29 - 1 3 9 . 0 6 - 1 3 4 . 9 31 6 - C h l o r o - 2 - f l u o r o p h e n o l .
0 .02 mol SOgClg) 9 . 7 4 . 4 6 3 . 5 56 - 1 3 9 . 0 6 - 1 3 7 . 8 61 4 - C h l o r o - 2 - f l u o r o p h e n o l .
Appendix I .
Eluent of  30:  A c e t o n i t r i 1 e /d e - io n is e d  water .
Table 11.2
A n a l y t i c a l  R e s u l ts  o f  Ha logenated  Products o f  3 -F luorophe no l
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HPLC a n a l y s i s GLC a n a ly s i s ’ ^F n .a i . r .  spectroscopy
Compound
a t a t  190°C
s h i f t
R e t e n t i o n
Area
(Cffl^)
R e t e n t i o n
t im e
(m in )
Cnenil cd 1
Y i e l d Comments
t ime 
( m in )
Y i e l d
( I )
E xpected*
(ppm)
Found
(ppm)
(X)
3-Fluorophenol 4 . 7 - 3 .1 100 - 1 1 1 . 5 7 - 1 1 2 . 3 100 3 - F l u o r o p h e n o l .
4 ,6 -O ibrom O '3 - f l u o r o ­
phenol
9 . 3 - 9 . 7 100 - 1 0 7 . 7 6 - 1 0 5 . 6 100 4 ,6 -D ib ro m o - 3 - f l u o r o ­
phenol .
2 . 4 , 6 - T r i  brom o-3 - f l u o r o ­
phenol .
3 . 8 - 1 0 0 . 6 9 - 9 6 . 6 100 2 , 4 , 6 - T r i b r o m o - 3 - f l u o r o ­
phenol .
3 -F luorophenol and 
BCg ( 1 : 1 ;  0 .01  m ol)
4 . 9
6 . 4
0 . 8 2
2 . 1 0
3.1
2 . 4
23
23
- 1 1 1 . 5 7
- 1 1 4 . 8 3
1 1 2 .3 83
3 - F l u o r o p h e n o l .
6 -B rom o-3 - f l u o r o p h e n o l .
6 . 8 0 . 8 5 1 7 . 3 11 - 1 0 5 . 0 3
1 05 .7 17
4 - Bromo-3 - f l u o r o p h e n o l .
9 . 0 0 . 3 4 9 . 6 3 - 1 0 7 . 7 6 4 , 6 -D ib ro m o - 3 - f l u o r o p h e n o l .
3-F luorophenol and 
Brg ( B r C j ’ / B r * )
4 , 0
6 . 3
1 . 0 5
1 . 9 5
3 . 3
2 . 4
29
33
- 1 1 1 . 5 7
- 1 1 4 . 8 3
- 1 1 2 . 0
- 1 1 2 . 2
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3 - F l u o r o p h e n o l .
6 -B rom o-3 - f l u o r o p h e n o l .
(1 :1 ;  0 .01 m ol) 6 . 8 1 .4 5 1 7 .2 32 - 1 0 5 . 0 3 - 1 0 5 . 5
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4 - B r o m o - 3 - f l u o r o p h e n o l .
9 . 2 0 . 7 5 9 . 7 6 - 1 0 7 . 7 6 - 1 0 5 . 8 4 , 6 -D ib ro m o - 3 - f l u o r o p h e n o l .
- - - - - 1 0 0 . 6 9 - 9 6 . 8 2 2 , 4 , 6 - T r i b r o m o - 3 - f l u o r o ­
phenol .
3-F luorophenol  and 4 . 9 1 . 3 5 3 .1 25 - 1 1 1 . 5 7 - 1 1 2 . 0 22 3 - F l u o r o p h e n o l .
Brg ( B r O j ' / B r * ) 6 . 3 2 . 6 0 2 . 4 37 - 1 1 4 . 8 3 - 1 1 2 . 2 35 6 - B r o m o - 3 - f l u o r o p h e n o l .
(0.01 mol p he no l ; 6 . 7 1 . 6 0 1 7 . 2 32 - 1 0 5 . 0 3 - 1 0 5 . 4 34 4 -B rom o-3 - f l u o r o p h e n o l .
0.02 mol Brg) 9 . 0 1 . 2 0 9 . 9 6 - 1 0 7 . 7 6 - 1 0 5 . 6 7 4 , 6 - D ib r o m o - 3 - f l u o r o p h e n o l .
3 . 8 5 . 7 5 - - - 1 0 0 . 6 9 - 9 6 . 8 2 2 , 4  , 6 - T r i b r o m o -3 - f l u o r o ­
phenol .
3-Fluorophenol and 8 . 7 * 3 . 2 2 2 . 7 6 - 1 1 1 . 5 7 - 1 1 2 . 0 15 3 - F l u o r o p h e n o l .
SOgClg ( 1 : 1 ;  0 .0 1  m ol) 1 4 . 5 9 . 1 4 2 .1 76 - 1 1 5 . 4 0 - 1 1 3 . 5 60 6 - C h l o r o - 3 - f l u o r o p h e n o l .
1 9 . 2 2 . 4 3 4 . 4 18 - 1 1 3 . 2 8 - 1 1 4 . 9 22 4 - C h l o r o - 3 - f l u o r o p h e n o l .
3-Fluorophenol and 5 . 9 3 . 3 7 2 .1 63 - 1 1 5 . 4 0 - 1 1 3 . 0 63 6 - C h l o r o - 3 - f l u o r o p h e n o l .
SO2 C I2  (0 .0 1  mol phenol , 8 . 2 1 . 9 7 4 . 4 37 - 1 1 3 . 2 8 - 1 1 4 . 7 37 4 - C h l o r o - 3 - f l u o r o p h e n o l .
0.02 SOgClg)
Appendix 1.
Eluent o f  20 A c e t o n i t r i l e / d e - i o n i s e d  w a t e r .
Table 11.3
AnaTyl ica l  Resul ts of  Halogenated Products of  4 - F 1uorophenol
6 6
HPLC a n a l y s i s GLC a n a l y s i s  
a t  190°C
19 F n . m . r .  s p e c tro s c o p y
Compound R e t e n t i o n
time
(m in )
Chemical s h i f t
Y i e l d
(X)
R e t e n t i o n
t im e Y i e l d  E x p e c t e d *  
(%)
Found
Y i e l d
(%)
Comments
4 - F l u o r o p h e n o l 4 . 7 100 3 . 5 100 - 1 2 3 . 5 4 - 1 2 4 . 5 100 4 - F l u o r o p h e n o l  .
2 - B r o m o - 4 - f l u o r o ­
phenol
6 .1 100 2 . 3 100 - 1 2 1 . 6 8 - 1 2 2 . 2 100 2 - B r o m o - 4 - f l u o r o p h e n o l .
2 . 6 - 0 i b r o m o - 4 - f l u o r o ­
phenol
7 . 2 100 5 . 9 100 - 1 1 9 . 9 4 - 1 2 0 . 6 100 2 , 6 - 0 i b r o m o - 4 - f l u o r o p h e n o l .
4 - F l u o r o p h e n o l  and 4 . 6 14 3 . 3 16 - 1 2 3 . 5 4 - 1 2 4 . 2 15 4 - F l u o r o p h e n o l .
Brg ( B r O j ' / B r "  ) 5 . 9 69 2 . 5 69 - 1 2 1 . 6 8 - 1 2 2 . 0 69 2 - B r o m o - 4 - f l u o r o p h e n o l .
( 1 : 1 ;  0 . 0 1  m o l ) 7 . 2 17 5 . 9 15 - 1 1 9 . 9 4 - 1 2 0 . 7 16 2 , 6 - D ib r o m o - 4 - f lu o r o p h e n o l  .
4 - F l u o r o p h e n o l  and 4 . 6 16 3 . 2 19 - 1 2 3 . 5 4 - 1 2 4 . 1 24 4 - F l u o r o p h e n o l .
B r ^ ( B r O ^ ' / B r ' ) 6 . 0 59 2 . 4 55 - 1 2 1 . 6 8 - 1 2 2 . 0 54 2 - B r o m o - 4 - f l u o r o p h e n o l .
( 0 . 0 1  mol p h e n o l .  
0 . 0 2  mol Brg )
7 .4 25 5 . 9 26 - 1 1 9 . 9 4 - 1 2 0 . 6 22 2 , 6 - D i b r o m o - 4 - f l u o r o p h e n o l .
4 - F l u o r o p h e n o l  and 4 . 7 - 3 . 5 28 - 1 2 3 . 5 4 - 1 2 4 . 4 27 4 - F l u o r o p h e n o 1 .
SOgClg ( 1 : 1 ;  0 . 0 1  m ol ) 5 . 9 - 1 .9 72 - 1 2 1 . 9 6 - 1 2 2 . 2 73 2 - C h l o r o - 4 - f l u o r o p h e n o l .
4 - F l u o r o p h e n o l  and 5 . 8 100 1 .9 100 - 1 2 1 . 9 6 - 1 2 2 . 9 100 2 - C h l o r o - 4 - f l u o r o p h e n o l .
SOgClp ( 0 . 0 1  mol p h e n o l .
0 . 0 2  mol SOgClg)
A p pendix  I .
Table 11.4
Ana ly t i c a l  Resul ts of  Halogenated Products of  2 -F1uoroani1ine
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HPLC
a n a l y s i s
GLC a n a l y s i s  a t  190°C 19 F n . m . r .  s p e c tro s c o p y
Compound
a t  25°C
Re t e n t  ion
R e t e n t i o n
t im e
( m in )
Y i e l d Chemical s h i f t
Y i e l d
(X )
Comments
t im e
(m in )
(X ) Ex p e c te d *
(ppm)
Found
(ppm)
Z - F l u o r o a n i 1 ine 4 .1 1 . 0 100 - 1 3 6 . 2 0 - 1 3 5 . 9 100 2 - F l u o r o a n i 1 i n e .
4 - B r o m o - 2 - f l u o r o -  
a n i 1 in e
5 . 9 3 . 2 100 - 1 3 3 . 0 8 - 1 3 2 . 6 100 4 -B ro m o -2 - f l u o r o a n i 1 i n e .
6 - B r o m o - 2 - f l u o r o ­
ani 1 ine
5 . 9 1 .5 95 - 1 3 3 . 0 8 - 1 3 1 . 1 95 6 -B ro m o -2 - f l u o r o a n i 1 i n e .
2 - F l u o r o a n i 1 ine and 4 .1 1 . 0 50 - 1 3 6 . 2 0 - 1 3 5 . 6 48 Z - F l u o r o a n i l i n e .
B r 2 { B r O j ' / B r  ) 5 . 9 1 . 6 2 - 1 3 3 . 0 8 - 1 3 0 . 6 2 6 - B r o m o - 2 - f l u o r o a n i  1 i n e .
( 1 : 1 .  0 . 0 1  m o l ) 5 . 9 3 . 2 7 - 1 3 3 . 0 8 - 1 3 2 . 5 9 4 -B rom o-2 - f l u o r o a n i 1 i n e .
10 .4 4 . 3 41 - 1 3 1 . 3 4 - 1 2 8 . 4 41 4 , 6 - D i b r o m o - 2 - f l u o r o a n i  1 i n e .
2 - F l u o r o a n i 1 in e  and 4 .1 1 . 0 67 - 1 3 6 . 2 0 - 1 3 5 . 4 65 2 - F l u o r o a n i 1 i n e .
8 r g ( B r O ^ ' / B r ' ) 5 . 9 1 . 6 2 - 1 3 3 . 0 8 - 1 3 0 . 4 2 6 - B r o m o - 2 - f l u o r o a n i  l i n e .
(0 .0 1  mol p h e n o l . 5 . 9 3 . 2 8 - 1 3 3 . 0 8 - 1 3 2 . 3 9 4 - B r o m o - 2 - f l u o r o a n i 1 i n e .
0 . 0 2  mol B r^ ) 1 0 . 4 4 . 4 23 - 1 3 1 . 3 4 - 1 2 8 . 2 24 4 , 6 - D i b r o m o - 2 - f l u o r o a n i 1 i n e .
6 - C h l o r o - 2 - f l u o r o ­
an i  1 in e
5 . 4 2 . 0 * ’ 100 - 1 3 3 . 3 6 - 1 3 2 . 0 100 6 - C h l o r o - 2 - f l u o r o a n i  1 i n e .
4 - C h l o r o - 2 - f l u o r o a n i 1 in e  5 . 4 5 . 0 * * 100 - 1 3 3 . 3 6 - 1 3 2 . 8 100 4 - C h l o r o - 2 - f l u o r o a n i 1 i n e .
4 , 6 - D i c h l o r o - 2 - f l u o r o ­
ani 1 i n e .
8 . 5 4 . 4 * * 100 - 1 3 1 . 0 2 - 1 3 0 . 0 100 4 , 6 - D i c h l o r o - 2 - f l u o r o a n i 1 i n e .
2 - F l u o r o a n i 1 in e  and 4 .1 1 . 7 * * 42 - 1 3 6 . 2 0 - 1 3 5 . 8 40 2 - F l u o r o a n i l i n e .
SOgClg ( 1 : 1 ;  0 . 0 1  m o l )  5 . 4 2 .1 3 6 - C h l o r o - 2 - f l u o r o a n i 1 i n e .
5 . 4 5 . 2 34 - 1 3 3 . 3 6 - 1 3 3 . 0 42 4 - C h l o r o - 2 - f l u o r o a n i 1 i n e .
8 . 5 4 . 6 21 - 1 3 1 . 0 2 - 1 2 9 . 9 18 4 , 6 - D i c h l o r o - 2 - f l u o r o a n i 1 i n e .
2 - F l u o r o a n i 1 i n e  and 4 .1 1 . 6 * * 45 - 1 3 6 . 2 0 - 1 3 5 . 8 42 2 - F l u o r o a n i 1 i n e .
SOgClg ( 0 . 0 1  mol 5 . 4 2 . 0 3 6 - C h l o r o - 2 - f l u o r o a n i 1 i n e .
p h e n o l , 0 . 0 2  mol 5 . 4 5 . 0 37 - 1 3 3 . 3 6 - 1 3 2 . 9 43 4 - C h l o r o - 2 - f l u o r o a n i 1 i n e .
SOgClg) 8 . 5 4 . 4 15 - 1 3 1 . 0 2 - 1 2 9 . 9 15 4 , 6 - D i c h l o r o - 2 - f l u o r o a n i  1 i n e .
Appendix  1 
GLC a n a l y s i s  a t  160°C .
Table 11.5
A na l y t ic a l  Resul ts of  Halogenated Products of  3 - F l u or oa n i l i n e
6 8
HPLC 
a n a l y s i s
GLC a n a l y s i s  a t  190°C '^ F  n . m . r .  s p e c tro s c o p y
Compound
f
a t  250C R e t e n t i o n
t im e
(m in )
Y i e l d Chemical s h i f t Comments
d e t e n t i o n
t im e
(m in )
Y i e l d
(X) E x p ected *
(ppm)
Found
(ppm)
(X)
3 - F l u o r o a n i 1 ine 5 . 2 1 .2 100 - 1 1 3 . 6 5 - 1 1 3 . 6 100 3 - F l u o r o a n i 1 i n e .
6 - B r o m o -3 ' f l u o r o a n i 1 i ne 4 . 0 2 . 7 27 - 1 1 6 . 3 3 - 1 1 4 . 6 30 6 -B ro m o -3 - f l u o r o a n i  1 i n e .
4 - B ro m o - 3 - f l u o r o a n i 1 ine 8 . 5 7.1 95 - 1 0 6 . 5 3 - 1 0 7 . 8 93 4 - Bromo-3 - f 1uoroan i 1 i n e .
2 , 4 , 6 - T r i b r o m o - 3 -  
f l u o r o a n i 1 ine
1 7 . 8 14 .5 100 - 1 0 2 . 1 9 - 9 8 . 0 100 2 , 4 , 6 - T r i b r o m o - 3 - f l u o r o ­
an i  1 i n e .
3-F lu o r o a n i  1 m e  and 5 . 2 1 .5 78 - 1 1 3 . 6 5 - 1 1 3 . 2 78 3 - F l u o r o a n i 1 i n e .
B r p ( B r O j * / B r '  ) 4 . 0 3 . 0 1 - - - 6 - B r o m o - 3 - f l u o r o a n i  1 i n e .
( 1 : 1 ;  0 . 0 1  m ol ) 5 . 7 4 . 5 1 - 1 0 6 . 3 3 - 1 0 5 . 9 1 2 - B r o m o - 3 - f l u o r o a n i l i n e .
8 . 4 7 . 5 1 - 1 0 6 . 5 3 - 1 0 7 . 8 2 4 - B r o m o - 3 - f l u o r o a n i 1 i n e .
9 . 5 1 2 . 6 7 - 1 0 9 . 2 6 - 1 0 8 . 9 8 4 , 6 - D i b r o m o - 3 - f l u o r o a n i  1 i n e .
17 .6 1 4 . 8 12 - 1 0 2 . 1 9 - 9 8 . 2 11 2 , 4  , 6 - T r i b r o m o - 3 - f l u o r o ­
an i  1 i n e .
3 - F l u o r o a n i 1 in e  and 5 . 2 1.4 75 - 1 1 3 . 6 5 - 1 1 3 . 6 74 3 - F l u o r o a n i l i n e .
B r ^ ( B r O g ' / B r " ) 4 . 0 3 . 0 1 - 1 1 6 . 3 3 - 1 1 4 . 7 2 6 -B ro m o -3 - f l u o r o a n i 1 i n e .
( 0 .0 1  mol p h e n o l , 5 . 7 4 . 5 1 - 1 0 6 . 5 3 - 1 0 6 . 0 1 2 -B ro m o -3 - f l u o r o a n i 1 i n e .
0 . 0 2  mol B rg ) 8 . 4 7 .4 2 - 1 0 6 . 5 3 - 1 0 7 . 8 3 4 - B r o m o - 3 - f l u o r o a n i 1 i n e .
9 . 6 1 2 . 5 8 - 1 0 9 . 2 6 - 1 0 9 . 0 9 4 , 6 - D ib r o m o - 3 - f l u o r o a n i 1 i n e .
1 7 . 6 1 4 . 8 13 - 1 0 2 . 1 9 - 9 8 . 1 11 2 , 4 , 6 - T r i b r o m o - 3 - f l u o r o a n i 1 i n e .
6 - C h l o r o - 3 - f l u o r o a n i 1 ine 6 . 7 1 . 6 100 - 1 1 6 . 9 0 - 1 1 5 . 1 100 6 - C h l o r o - 3 - f l u o r o a n i 1 i n e .
4 - C h l o r o - 3 - f l u o r o a n i 1 i n e 1 4 . 5 3 . 7 75 - 1 1 4 . 7 8 - 1 1 5 . 8 84 4 - C h l o r o - 3 - f l u o r o a n i 1 i n e .
4 , 6 - 0 i c h l o r o - 3 - f l u o r o ­
an i  1 ine
9 . 8 3 . 9 100 - 1 1 8 . 0 8 - 1 1 7 . 6 100 4 , 6 - 0  i c h l o r o - 3 - f l u o r o a n i 1 i n e .
3 - F l u o r o a n i 1 in e  and 5 .1 1.1 40 - 1 1 3 . 6 4 - 1 1 3 . 6 41 3 - F l u o r o a n i 1 i n e .
SOgClg ( 1 : 1 ;  0 . 0 1  m o l ) 6 . 9 1 . 5 27 - 1 1 6 . 9 0 - 1 1 5 . 8 23 6 - C h l o r o - 3 - f l u o r o a n i 1 i n e .
14 .1 3 . 4 22 - 1 1 4 . 7 8 - 1 1 5 . 2 29 4 - C h l o r o - 3 - f l u o r o a n i l i n e .
9 . 9 3 . 9 11 - 1 1 8 . 0 8 - 1 1 7 . 5 7 4 , 6 - D i c h l o r o - 3 - f l u o r o a n i 1 i n e .
3 - F l u o r o a n i 1 ine  and 5 . 2 1.1 47 - 1 1 3 . 6 4 - 1 1 3 . 6 44 3 - F l u o r o a n i l i n e .
SOpClg ( 0 . 0 1  mol p h e n o l . 6 . 9 1 . 5 8 - 1 1 6 . 9 0 - 1 1 5 . 9 2 6 - C h l o r o - 3 - f l u o r o a n i 1 i n e .
0 . 0 2  mol SOgClg) 1 4 . 3 3 . 4 26 - 1 1 4 . 7 8 - 1 1 5 . 8 37 4 - C h l o r o - 3 - f l u o r o a n i 1 i n e .
1 0 . 0 3 . 9 19 - 1 1 8 . 0 8 - 1 1 7 . 4 17 4 , 6 - D i c h l o r o - 3 - f l u o r o a n i 1 i n e .
Appendix  I .
Table 11.6
A na l y t ic a l  Resul ts of  Halogenated Products of  4 - Pl u o r o an i 1i ne
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HPLC a n a l y s i s GLC a n a l y s i s n . m . r .  spe c tro s c o p y
a t  25"C a t  190°C Chemical s h i f t
Compound R e t e n t i o n
t im e
( m in )
R e t e n t i o n
t im e
(m in )
Y i e l d
(X )
CommentsY i e l d
(%)
Y i e l d
(X)
Ex pected
(ppm)
* Found 
(ppm)
4 - f  lu o r o a n i  1 m e 4 . 2 100 1.4 100 - 1 2 7 . 1 2 - 1 2 7 . 3 100 4 - F l u o r o a n i 1 i n e .
2 - B r o m o - 4 - f 1u o r o a n i 1 m e 5 . 8 - 2 . 6 - - 1 2 4 . 9 5 - 1 2 5 . 6 91 2 - B r o m o - 4 - f l u o r o a n i 1 i n e .
? , 6 - 0 i b r o m o - 4 - f l u o r o ­
ani  1 m e
9 . 9 100 3 . 6 100 - 1 2 2 . 5 9 - 1 2 5 . 1 100 2 , 6 - 0 i b r o m o - 4 - f l u o r o ­
an i  1 in e .
4 - F l u o r o a n i 1 ine  and 4 . 0 76 1 . 3 77 - 1 2 7 . 1 2 - 1 2 7 . 1 78 4 - F l u o r o a n i 1 i n e .
B r ^ ( B r O ^ ' / B r " ) 5 . 7 7 2 . 6 5 - 1 2 4 . 5 2 - 1 2 5 . 6 5 2 - B r o m o - 4 - f l u o r o a n i 1 i n e .
( 1 : 1 ;  0 . 0 1  m ol ) 9 . 6 18 3 . 3 18 - 1 2 2 . 7 8 - 1 2 4 . 9 17 2 , 6 - D i b r o m o - 4 - f l u o r o ­
an i  1 i n e .
4 - F l u o r o a n i 1 in e  and 4 . 0 71 1 .3 72 - 1 2 7 . 1 2 - 1 2 7 . 1 72 4 - F l u o r o a n i 1 i n e .
B r 2 ( B r O ^ ' / B r ' ) 5 . 7 8 2 . 6 7 - 1 2 4 . 5 2 - 1 2 5 . 5 7 2 - B r o m o - 4 - f l u o r o a n i 1 i n e .
( 0 .0 1  mol p h e n o l . 
0 . 0 2  mol Brg)
9 . 8 21 3 . 3 21 - 1 2 2 . 7 8 - 1 2 4 . 8 21 2 , 6 - 0 i b r o m o - 4 - f l u o r o -  
a n i l i n e .
2 - C h l o r o - 4 - f l u o r o a n i 1 ine 5 . 2 100 4 . 0 * * 100 - 1 2 5 . 3 0 - 1 2 5 . 6 100 2 - C h l o r o - 4 - f l u o r o a n i 1 i n e .
4 - F l u o r o a n i 1 in e 4 . 2 100 2 . 7 * * 100 - 1 2 7 . 1 2 - 1 2 7 . 3 100 4 - F l u o r o a n i l i n e .
2 , 6 - O i c h l o r o - 4 - f l u o r o ­
ani  1 ine
7 .7 - 3 . 3 * * - - 1 2 3 . 2 9 - 1 2 3 . 8 63 2 , 6 - D i c h i o r o - 4 - f l u o r o ­
an i  1 i n e .
4 - F l u o r o a n i 1 in e  and 4 . 0 - 2 . 7 * * 63 -1 2 7 . 3 1 - 1 2 7 . 1 63 4 - F l u o r o a n i l i n e .
5 0 2 C l 2 ( l : l ;  0 . 0 1  m ol ) 5 . 2 - 4 . 0 29 - 1 2 4 . 8 0 - 1 2 5 . 7 28 2 - C h l o r o - 4 - f l u o r o a n i 1 i n e .
7 .7 - 3 . 4 8 - 1 2 2 . 6 4 - 1 2 4 . 3 9 2 , 6 - D i c h l o r o - 4 - f l u o r o -  
a n i l i n e .
4 - F l u o r o a n i  1 m e  and 4 . 0 - 2 . 7 * * 63 - 1 2 7 . 3 1 - 1 2 7 . 1 63 4 - F l u o r o a n i 1 i n e .
SOgC12  ( 0 . 0 1  mol p h e n o l . 5 . 2 - 4 .1 31 - 1 2 4 . 8 0 - 1 2 5 . 7 28 2 - C h l o r o - 4 - f l u o r o a n i  1 i n e .
0 . 0 2  mol SOgClg) 7 . 7 - 3 . 4 6 - 1 2 2 . 6 4 - 1 2 4 . 4 9 2 , 6 - D i c h i o r o - 4 - f l u o r o ­
a n i l i n e .
Appendix  1.
GLC a n a l y s i s  a t  150°C .
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CHAPTER I I I
I I I :  DISCUSSION OF THE RESULTS
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I I I .  DISCUSSION OF THE RESULTS
The hydroxyl group in phenols and the amino group in an i l ines  
are o-and p- d i re c t in g  groups:
0-H 0-H 0-H 0-H
Phenol
'2
A n i1i ne
NHp NH. NH. NH.
In the case o f  halogénat ion o f  d i s u b s t i tu te d  benzenes the o r ie n ta t io n  
72
can be shown as:
X C l ,B r , I  Cl ^
Î
C l ,B r , I
X = NHg, OH, NHAc 
R = Halogen
That is  what was not iced throughout the resu l ts  obtained from the 
brominat ion and c h lo r i n a t io n  o f  f luorophenols  and f l u o r o a n i l i n e s .
The brominat ion o f  f luorophenols  and f lu o ro a n i l i n e s  was car r ied  
out using bromine so lu t ion  produced from an a c i d i f i e d  mixture o f  
potassium bromate (BrO^')  and potassium bromide (Br ). The so lu t ion  
was a c i d i f i e d  w i th  concentrated hydroch lo r ic  acid.
72
BrOj + 5Br + 6H^   ^ BBr^ + BH^ O
Aqueous bromine was used because bromine dissolved in water is
more reac t ive  than in the common non-aqueous solvents.  Under th is
72cond i t ion  p o l y -s u b s t i t u t i o n  o f ten occurs.
The c h lo r i n a t io n  o f  f luorophenols w i th  sulphuryl  ch lo r ide  takes 
place a t  s i te s  o^ - and £-  r e l a t i v e  to the hydroxyl group.
SOgClg ^  SOg + C l2
For the halogénat ion o f  f l u o ro a n i l i n e s w i t h  sulphuryl  ch lo r ide ,  
no c h lo r i n a t io n  happened in  the aromatic r ing  unless aluminium 
c h lo r ide  was used as a c a ta l y s t .  Using aluminium ch lo r ide  as a 
c a ta ly s t  w i th  sulphury l  c h lo r ide  as c h lo r in a t in g  agent is wel l  known.
The anhydrous aluminium c h lo r ide  reacted w i th  sulphuryl  ch lo r ide  to 
generate c h lo r in e ;  i t  was reported^^ tha t  aluminium su lphury lch lo r ide  
was an in termedia te and t h i s  was conf irmed by passing a current  o f  
carbon d iox ide  through a f la s k  conta in ing sulphuryl  ch lo r ide  only.
Equal proport ions o f  Cl^ and SO^  were found, wh i le when an AlClg c a ta ly s t  
was used, an excess o f  Cl g was evolved.
SOgClg + AICI3 —2 :  AICI3 • SOo + Clg
The c a ta l y s t  can be generated by:
AICI3 .SO2 AICI3 + SOg
Throughout t h is  work the halogenated products o f  f luorophenols and
19f lu o r o a n i l i n e s  were analyzed by three techniques, F n.m.r .  
spectroscopy, GLC and HPLC.
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GLC was used f o r  the separation o f  the components o f  the reac t ion  
mixtures and because i t  was found tha t  the de tecto r  response f o r  a l l  
halogenated phenols and an i l i nes  were the same (Fig.  I I I . l ) ,  the peak 
areas could be re la ted  to the concentrat ions o f  the components.AUb D a t a  Ccontr­
ol 308 computing in te g ra to r  was used f o r  measuring a l l  peak areas.
This technique was used to provide q u a n t i ta t i v e  ana lys is .  HPLC 
was o f ten  u s e d q u a l i t a t i v e l y ,  separat ing the components at  s p e c i f i c  
re te n t ion  times under ce r ta in  cond i t ions ,  because the detec tor  response 
was d i f f e r e n t  f o r  a l l  species and because not a l l  the reference 
compounds were in  a h igh ly  pure s ta te .
In a few react ion mixtures,  however, HPLC was used to give 
q u a n t i t a t i v e  ana lys is ,  such as in the brominated products o f  4- f luorophenol  
and 4 - f l u o r o a n i l i n e .
19F n.m.r .  spectroscopy was found he lp fu l  in the in ves t iga t io n  
and i d e n t i f i c a t i o n  o f  the react ion products and at  the same time i t  was 
used f o r  q u a n t i t a t i v e  ana lys is .
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Fig.  I I I . l  GLC Chromatoaram
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I I I . A  F1uorophenols
The brominat ion o f  phenol w i th  aqueous bromine is well  known
0 -
6r, : -H' Ô " ' Br2_ >
Br
H Br
-H Br
Br
Br,
H
Br Br -H
Br . Br
Br
Br. Br
OH
NaHSOj Br ^  Br
Br Br Br
Preci pi ta tes
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I I I . A . l  2-Fluorophenol
I I I . A . l a  Bromination o f  2- f luorophenol
Bromine was used in d i f f e r e n t  proport ions f o r
brominat ing 2- f luorophenol  p re p a ra t i v e l y , where some o f  the brominated
2- f luoropheno ls  were obtained and could be used as reference compounds
f o r  analysing the reac t ion  mixtures o f  2- f luorophenol  wi th bromine
produced from a c i d i f i e d  mixture o f  potassium bromate and potassium
bromide. These compounds are 4-bromo-2-f luorophenol
(6F = -137.8 ppm), 6-bromo-2-f luorophenol (gF = -134.0 ppm) and
4,6-dibromo-2- f luoropheno l  (6F = -131.4 ppm).
Attack on 2-f luorophenol  by an equimolecular amount o f  bromine
(BrOg /B r  ) appeared to give a mixture o f  2- fluorophenol  ( I )
( s e x te t ;  F = -141.0 ppm), 4-bromo-2-f luorophenol ( I I )  ( t r i p l e t ;
6 F = -137.2 ppm), 6-bromo-2-f luorophenol ( I I I )  (qua r te t ;
6 F = -133.7 ppm) and 4,6-dibromo-2-f luorophenol  ( IV) (doublet ;
6 F = -131.1 ppm). This react ion  mixture was analysed by HPLC technique
which helped in the i d e n t i f i c a t i o n  o f  the components according to t h e i r
r e te n t io n  t imes,  by comparison w i th  the re ten t ion  times o f  the reference
compounds; 4.5 min ( I ) ,  5.8 min ( I I I )  6.5 min ( I I )  and 8.3 min ( IV ) .
19F n.m.r .  spectroscopy and GLC were used f o r  analysing th is  react ion
19product q u a l i t a t i v e l y  and q u a n t i t a t i v e l y .  F N.m.r.  spectroscopy 
suggested the presence o f  12% ( I ) ,  65% ( I I ) ,  8% ( I I I )  and 15% (IV) which 
did agree w i th  the ana lysis obtained from GLC; 12% ( I ) ,  66% ( I I ) ,
9% ( I I I )  and 13% ( IV ) .
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When two molecular proport ions o f  bromine (BrO^~/Br ) were used,
HPLC showed i t  was a mixture o f  ( I ) ,  ( I I ) ,  ( I I I )  and ( IV ) .  GLC and 
19F n.m.r .  spectroscopy gave the percentage o f  each component in good 
agreement, i . e .  8% ( I ) ,  63% ( I I ) ,  6% ( I I I ) ,  23% ( IV ) ;  and 6% ( I ) ,
64% ( I I ) ,  7% ( I I I )  and 23% (IV) respec t ive ly .
I I I . A . l b  Ch lo r ina t ion  o f  2- f luorophenol
Ch lo r ina t ion  o f  2- f luorophenol  using an equimolecular 
amount o f  SOgClg as a source o f  ch lo r ine  appeared to give a mixture 
o f  three components. ^^F N.m.r.  spectroscopy was used to i d e n t i f y  
t h is  mix ture which showed 22% o f  unreacted 2- f luorophenol  ( I )
( 6F = -141.5 ppm) , 54% o f  4 -ch lo ro -2- f luoropheno l  ( I I )
(ôF = -137.7 ppm) and 24% o f  6-ch lo ro -2- f luoropheno l  ( I I I )
(&F = -134.8 ppm). This ana lysis did agree w ith  the q u a n t i ta t i v e  
ana lys is  o f  the same mixture w i th  GLC which showed 23% ( I ) ,  54 % ( I I ) ,  
and 23% ( I I I ) .  HPLC separated these components a t  re ten t ion  t imes,
5.8 min. ( I ) ,  7.9 min ( I I I )  and 9.6 min. ( I I ) ,  e luent a c e t o n i t r i l e  
(30%) and de- ion ised water (70%).
The same components were obtained when two equimolecular proport ions
o f  SOgClg were used f o r  c h lo r i n a t io n  o f  2 - f luorophenol .  HPLC
separat ion showed the re te n t ion  times 5.8 min. ( I ) ,  8.0 min ( I I I )  and
199.7 min. ( I I ) .  GLC and F n.m.r .  spectroscopy analys is  showed s l i g h t
d i f fe rences  in  the percentage o f  these components. GLC suggested 
the composi tions 15% ( I ) ,  29% (
8% ( I ) ,  31% ( I I I )  and 61% ( I I ) .
I I I )  and 56% ( I I ) ,  and ^^F n.m.r .  showed
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General ly ,  the resu l ts  obtained showed tha t  in the bromination 
the product contained mono- and d ibromo-der ivat ives  but in 
c h lo r in a t io n  the product was mainly the monochlorofluorophenol 
which means tha t  when monobromo- takes place causing apparent 
a c t i v a t io n  in the r ing  which helps form dibromo-f luorophenol .  This 
may occur because o f  a s ig n i f i c a n t  extent  o f  react ion through the 
phenoxide ion,  since th is  is even more reac t ive  than the phenol is  
towards e l e c t r o p h i les and since di-halogenophenols are be t te r  acids 
(more d issoc ia ted )  than phenol i t s e l f .  A l t e r n a t i v e l y ,  the heterogeneous 
nature o f  the aqueous bromination system al lows two d i s t i n c t  sets o f  
bromination cond i t ions ,  one in the organic phase and the other  in the 
aqueous phase. The d i s t r i b u t i o n  o f  a l l  reactants and products between 
these phases is  expected to change w i th  the course o f  the reac t ion  
and may cause the observed behaviour.
I I I . A . 2 3-Fluorophenol
I I I .A .2 a  Bromination o f  3- f luorophenol
4,6-Dibromo-3-f luorophenol  and 2 ,4 ,6 - t r ib rom o-3 -  
f luorophenol  were prepared to use as reference compounds f o r  the 
i d e n t i f i c a t i o n  and the in v e s t ig a t io n  o f  the brominated products o f
3- f luorophenol  when reacted w ith bromine obtained from an ac id ic  mixture 
o f  potassium bromate and potassium bromide.
The reac t ion  between equimolecular amounts o f  3- fluorophenol  and
bromine gave a product cons is t ing o f  f i v e  components which were 
1 gi d e n t i f i e d  by F n.m.r .  spectroscopy as 48% 3-f luorophenol  ( I )
( sex te t ;  6F = -112.0 ppm) plus 6-bromo-3-f luorophenol ( I I )  (septe t ;
iSF = -112.2 ppm), 50% 4-bromo-3-f luorophenol ( I I I )  ( t r i p l e t ;  6F = -105.5 ppm).
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2 ,4 -d ib romo-3 - f luorophenol (IV) (qua r te t ;  6F = -105.8 ppm) and 2%
2 , 4 , 6 - tr ib romo-3- f luoropheno l  (V) (doub le t ;  6F = -96.8 ppm)
(F ig .  I I I . 2) .
HPLC and GLC showed only four  components-According to HPLC 
ana lys is ,  these showed re ten t ion  times o f  4.8 min ( I ) ,  6.3 min ( I I ) ,
6.8  min ( I I I )  and 9.2 min ( IV ) .  GLC showed 29% ( I ) ,  33% ( I I ) ,
32% ( I I I )  and 6% ( IV ) ,  but no in d ic a t io n  o f  (V) because i t s  higher 
a c i d i t y  ( p o l a r i t y )  and molecular weight cause i t  to stay on the column.
When two equimolecular proport ions o f  brominating agent were 
used the f i n a l  product was analysed by ^^F n.m.r .  spectroscopy which 
showed f i v e  components, 22% ( I ) ,  35% ( I I ) ,  34% ( I I I ) ,  7% (IV) and 
2% (V) (F ig .  I I I . 3) .
GLC ana lys is  showed four  components, 25% ( I ) ,  37% ( I I ) ,  32% ( I I I )  
and 6% ( IV ) ,  wh i le  HPLC showed f i v e  components a t  re ten t ion  t imes,
4.9 min ( I ) ,  6.3 min ( I I ) ,  6.7 min ( I I I ) ,  9.0 min ( IV) and 3.8 min (V).  
The sequence f o r  these compounds was compared w i th  the resu l ts  obtained 
from GLC and HPLC separat ion o f  bromophenols under the same cond i t ions .  
According to GLC the ana lysis  showed 2-bromophenol eluted from the 
column f i r s t  fo l lowed by 4-bromophenol, 2,6-dibromophenol and 4,6- 
dibromophenol. HPLC showed tha t  2,6-dibromophenol eluted from the 
column f i r s t  fo l lowed by 2-bromophenol, 4-bromophenol and 2,4-dibromo- 
phenol . The reason f o r  t h i s  unexpected order might be the compet i t ion 
in hydrogen bonding between s i tes  on the s ta t iona ry  phase and 
subs t i tuen ts  in the phenol. O r tho-subs t i tu ted  phenols would be expected 
to be less f i r m l y  at tached to po lar groups in the s ta t iona ry  phase, and 
soymore e a s i l y  e lu ted.
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X, Y, Z = F, C l , Br,  I .
I I I . A . 2 b  C h lo r ina t ion  o f  3- f luorophenol
Chlor inated products obtained from a reac t ion  o f
equimolecular amounts o f  3- f luorophenol  and sulphuryl  ch lo r ide
19(SOgClg) were analysed by F n.m.r .  spectroscopy, which showed the 
composi t ion o f  the halogenated mixture as 15% unreacted 3 - f l u o r o ­
phenol ( I ) ,  (6 F =-112.4 ppm), 60% 6-ch lo ro -3- f luoropheno l  ( I I )
(qu a r te t ;  & F = -113.5 ppm) and 22% 4-ch lo ro -3- f luoropheno l  ( I I I )
( t r i p l e t ;  ôF = -114.9 ppm). GLC suggested the composi tion
6% ( I ) ,  76% ( I I )  and 18% ( I I I ) .  HPLC showed the separation o f  these
three compounds as w e l l .
When two equimolecular proport ions o f  SOgClg were used the product 
19was i d e n t i f i e d  by F n.m.r .  spectroscopy as 63% ( I I )  and 37% ( I I I ) ,  which 
did agree w i th  the ana lys is  obtained from GLC 63% ( I I )  and 37% ( I I I ) .
HPLC showed the presence o f  the same two compounds.
In comparing the re s u l t s  obtained from the bromination o f
3- f luorophenol  and the res u l t s  obtained from the c h lo r in a t io n  o f  the 
compound, brominat ion takes place w i th  the format ion o f  the po ly-  
brominated products wh i le  in the c h lo r in a t io n  the main products are the 
monoch1oro f luo ropheno l .
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I I I . A . 3 4-Fluorophenol
111.A.3a Bromination o f  4- fluorophenol
2-Bromo-4-f1uorophenol and 2 ,6-dibromo-4-
f luorophenol  were prepared to use as references to i d e n t i f y  the components
obtained from the bromination o f  4- f luorophenol  using bromine (BrO^" /Br" ) .
When equimolecular amounts were used, there appeared a mixture o f  three
19compounds, which were i d e n t i f i e d  from F n.m.r .  spectroscopy as 15% 
unreacted 4- f luorophenol  ( I )  (septe t  6F = -124.2 ppm); 69% 2-bromo-4- 
f luorophenol  ( I I )  ( qua r te t ;  6F = -122.0 ppm) and 16% 2,6-dibromo-4- 
f luorophenol  ( I I I ) , ( t r i p l e t ;  6F = -120.7 ppm) (F ig .  I I I . 4) .
HPLC ana lysis showed the composi tion o f  the react ion product as 
14% ( I ) ,  69% ( I I )  and 17% ( I I I )  (F ig .  I I I . 5 a ) .  This time HPLC was 
possible to use as q u a n t i t a t i v e  ana lysis  because a l l  the product species 
were prepared separate ly  beforehand in  a pure s ta te  and the c a l i b r a t i o n  
curve f o r  each component was made under the same cond i t ions .  By the 
aid o f  c a l i b r a t i o n  curves the concentrat ion o f  each component in  the 
reac t ion  mix ture  was determined (F ig .  111.5b).
These analyses are in good agreement w i th  tha t  obtained from GLC 
separat ion which suggests the composi tions 16% ( I ) ,  69% ( I I )  and 15% ( I I I )  
(F ig .  I I I . 6a ,b ) .
The same components were obtained when two molecular proport ions o f  
19bromine were used. F N.m.r. spectroscopy showed 24% ( I ) ,  54% ( I I )  
and 22% ( I I I ) .  HPLC and GLC analysis showed 16% ( I ) ,  59% ( I I ) ,
25% ( I I I ) ,  19% ( I ) ,  55% ( I I )  and 26% ( I I I )  respec t ive ly .
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General ly there is agreement between the analysis obtained 
from the three techniques f o r  the brominated product.  When an 
excess o f  bromine, more than equimolecular amount was used the 
percentage o f  d ib romo-4 - f luorophenol increased wh i le the percentage 
o f  the monobromo-4-fluorophenol decreased which showed tha t  the 
monobromo-4-fluorophenol was more ac t ive  than the 4-f luorophenol  
and pa r t  o f  i t  was consumed in forming dibromo-4-f luorophenol .
111.A.3b Ch lo r ina t ion  o f  4- f luorophenol
Sulphuryl ch lo r ide  was used as c h lo r in a t in g
agent f o r  c h lo r in a t in g  4- f luoropheno l .  When i t  was used in
equimolecular amounts the ch lo r ina ted  product was i d e n t i f i e d  by 
19F n .m. r .  spectroscopy as 27% unreacted 4-f luorophenol  ( I )
(6F = -124.4 ppm) and 73% 2-ch lo ro -4- f luorophenol  ( I I )  (qua r te t ;
6F = -122.2 ppm) wh i le  the chromatographic ana lysis showed according 
to GLC 28% ( I )  and 72% ( I I ) ;  HPLC showed the re ten t ion  times 4.7 min 
( I ) and 5.9 min ( I I ) .
When sulphury l  c h lo r ide  was used in  excess (two molecular p ropo r t ions ) ,  
the ch lo r ina ted  product according to the analysis from the three 
techniques was mainly 2 -ch lo ro -4 - f luo rop heno l .
The re s u l t s  obtained from the ana lysis o f  the react ion products by 
the three techniques were in good agreement.
I I I . B . l  2 -F luo roan i1ine
I I I . B . l a  Bromination o f  2 - f l u o r o a n i l i n e
Some o f  the brominated 2 - f lu o ro a n i l i n e s  were prepared 
and i d e n t i f i e d  by ^^F n.m.r .  spectroscopy, such as 4-bromo-2 - f luo roan i l ine  
( t r i p l e t ;  6F = -132.6 ppm) and 6-bromo-2-f luoroan i l  ine (oc te t ;  6F=-131.1 ppm)
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The halogenated product obtained from the reac t ion  o f  equimolar 
amounts o f  2 - f l u o r o a n i1i ne and aqueous bromine (BrOg /B r " )  was 
analysed by n.m.r .  spectroscopy, GLC and HPLC. From ^^F n.m.r .  
spectra the product seemed to be 48% unreacted 2 - f l u o r o a n i l i n e  ( I )
( sep te t ;  6F = -135.6 ppm), 2% 6 -b romo-2 - f luo roan i l ine  ( I I )
( o c te t ;  6F = -130.6 ppm), 9% 4-bromo-2- f luo roan i1ine ( I I I )
( t r i p l e t ;  6F = -132.5 ppm) and 41% 4 ,6-d ibromo-2- f luoroan i  1 i ne (IV) 
(doub le t ;  6F = -128.4 ppm). GLC agreed with these r e s u l t s ,  showing 
50% ( I ) ,  2% ( I I ) ,  7% ( I I I )  and 41% ( IV ) ,  wh i le  HPLC separation 
showed three peaks which were i d e n t i f i e d  according to the re ten t ion  
times o f  4.1 min ( I ) ,  5.9 min ( I I )  and ( I I I )  and 10.4 min ( IV ) .
The same components were obtained when two molecular proport ions o f  
bromine were used. The ana lys is  o f  t h i s  product according to 
^^F n.m.r .  spectroscopy showed 65% ( I ) ,  2% ( I I ) ,  9% ( I I I )  and 24% (IV 
GLC showed 67% ( I ) ,  2% ( I I ) ,  8% ( I I I )  and 23% ( IV ) ,  but HPLC s t i l l  
showed three peaks a t  the same re ten t ion  times as reported above f o r  
equimolecular  brominat ion mixtures.
Authent ic  4 -bromo-2 - f luo roan i1ine and 6-bromo-2 - f luo roan i l ine  
were e lu ted together in HPLC ana lys is ,  and could not therefo re  be 
separa te ly  i d e n t i f i e d .
The above ana lys is  showed tha t  a higher percentage o f  unreacted 
2- f l u o r o a n i 1ine was l e f t  when two molecular proport ions of  bromine 
were used, than from the equimolecular react ion .  This is a t t r i b u te d  
to the low b a s i c i t y  o f  2- f l u o r o a n i l i n e  in comparison w i th  a n i l i n e .
In t h i s  case the add i t ion  o f  bromine forms the a n i l i n e  s a l t ,  which 
dissolved in  the aqueous medium and was removed from reac t ion .
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Bromine could now only at tack  the i n i t i a l l y  formed reac t ion
products to form even fu r t h e r  brominated amines. This was
conf irmed by preparing two react ion mixtures and in one the product wa5
separated wi thout  t r e a t in g  w i th  potassium hydrogen carbonate- 
19F N.m.r.  spectroscopy showed no in d ic a t io n  o f  2 - f l u o ro a n i l i n e .
When the product was t rea ted w ith potassium hydrogen carbonate
19before e x t r a c t i o n ,  F n.m.r .  showed the unreacted 2- f luoroan i  1 ine.
I I I . B . l b  C h lo r ina t ion  o f  2 - f l u o r o a n i l i n e
Some ch lo r ina ted  products o f  2 - f l u o ro a n i l i n e  were
prepared by d i f f e r e n t  methods which are described e a r l i e r  ( I I . A . 2 f , g , h )
f o r  use as reference compounds in  the analys is  o f  the ch lor inated
products o f  2- f l u o r o a n i l i n e  when SOgClg was used as ch lo r ina t in g  
19agent. F N.m.r.  spectra confirmed t h e i r  s t ruc tu re .  These compounds
are 6 - c h lo r o - 2 - f l u o r o a n i1ine (ôF = -132.0 ppm), 4 -c h lo ro -2 - f lu o ro a n i1ine
( t r i p l e t ;  ôF = -132.8 ppm) and 4 ,6 -d ic h lo ro -2 - f lu o ro a n i l  ine (doublet ;
ôF = -130.0 ppm).
2 -F luo roan i1ine reacted w i th  equimolecular amounts o f  SOgClg as a
source o f  ch lo r in e  in  the presence o f  anhydrous AlClg as a c a ta ly s t .
19The reac t ion  product was analysed by F n.m.r .  spectroscopy which 
suggested 40% unreacted 2 - f l u o r o a n i l i n e  ( I )  ( 6F = -135.8 ppm), no 
in d ic a t i o n  o f  ô - c h l o r o - 2 - f l u o r o a n i l ine ( I I ) ,  42% 4 -c h lo ro -2 - f lu o ro a n i1ine
( I I I ) ,  ( 6F = -133.0 ppm) and 18% 4 ,6 - d i c h lo r o - 2 - f l u o r o a n i l i n e  ( IV)
( 6F = -129.9 ppm). This agreed w i th  the HPLC q u a l i t a t i v e  ana lys is ;  
there are on ly  three components a t  re ten t ion  times 4.1 min ( I ) ,  5.4 min ( I I I  
and 8.5 min ( IV ) .  In the HPLC ana lys is  the peak a t  re ten t ion  time
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5.4 min could conta in both 6 - c h lo ro -2 - f lu o ro a n i1i ne and 4 -ch lo ro -2 -  
f l u o r o a n i l i n e ,  because the re ten t ion  time f o r  each compound 
separa te ly  is 5.4 min. GLC ana lysis suggested the composition 
42% ( I ) ,  3% ( I I ) ,  34% ( I I I )  and 21% ( IV ) .
The reac t ion  product gave more or less the same components when 
two molecular proport ions o f  SO^Cl^ were used. N.m.r.
spectroscopy ind ica ted 42% ( I ) ,  43% ( I I I )  and 15% ( IV ) .  GLC showed 
45% ( I ) ,  3% ( I I ) ,  37% ( I I I )  and 15% ( IV ) ,  and HPLC ana lysis showed the 
three peaks a t  the same re ten t ion  times as those mentioned above.
Genera l ly,  in comparing the types o f  products o f  bromination and 
o f  c h lo r i n a t io n  o f  2- f l u o r o a n i l i n e ,  i t  appeared tha t  when the 
mono-bromo-2- f lu o ro a n i1ine is formed the r ing  became ac t ive  which 
made i t  easy to form dibromo-compound even when an equimolecular 
amount o f  bromine was used. On the other hand in the c h lo r in a t io n  o f
2- f l u o r o a n i l i n e  the monochlo ro -2- f l uo roan i l ine  was the major product 
even when excess o f  the halogen^ated agent was used.
I I I . B . 2  3 -F luo roan i1ine
111.B.2a Bromination o f  3 - f l u o ro a n i l i n e  
19F N.m.r.  spectroscopy was found he lp fu l  f o r  
i d e n t i f i c a t i o n  o f  the brominated products obtained from the bromination 
o f  3 - f l u o r o a n i l i n e  using ac id ic  mixtures o f  potassium bromate and 
potassium bromide. When the brominat ion was carr ied  out using 
equ imolecular amounts o f  3 - f l u o r o a n i l i n e  and bromine, the react ion 
product was i d e n t i f i e d  by ^^F n.m.r .  as 78% unreacted 3 - f l u o r o a n i l i n e  ( I )
( 6F = -113.2 ppm), no 6-bromo-3- f luo roan i1ine ( I I ) ,  1% 2-bromo-3- 
f l u o r o a n i l i n e  ( I I I )  ( t r i p l e t ;  6F = -105.9 ppm), 2% 4-b romo-3 -f luo roan i1ine
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(IV) ( t r i p l e t ;  ôF = -107.8 ppm), 8% 4 ,6 -d ib rom o-3 - f luo roan i l ine  (V)
( t r i p l e t ;  6F = -108.9 ppm) and 11% 2 ,4 ,6 - t r ib ro m o -3 - f l u o ro a n i l i n e  
(VI)  (doub le t ;  6F = - 98.2 ppm). The data obtained from
GLC and HPLC showed s ix  components, which were (according to GLC 
ana lys is )  78% ( I ) ,  1% ( I I ) ,  1% ( I I I ) ,  1% ( IV ) ,  7% (V) and 12% (V I ) .
HPLC showed the re ten t ion  times as 5.2 min ( I ) ,  4.0 min ( I I ) ,
5.7 min ( I I I ) ,  8.4 min ( IV ) ,  9.5 min (V) and 17.6 min (VI).When 
two molecular proport ions o f  bromine were used the reac t ion product 
contained the same components which were shown from ^^F n.m.r .  
spectra to be 74% ( I ) ,  2% ( I I ) ,  7% ( I I I ) ,  3% ( IV ) ,  9% (V) and 11% (VI)
(F ig .  I I I . 7) .  GLC showed the composi tion 75% ( I ) ,  1% ( I I ) ,  1% ( I I I ) , 2% (IV)^. 
8% (V),  13% (VI)  (F ig .  I I I . 8 ). HPLC showed the re ten t ion  time f o r  
each component as mentioned above ( Fig.  I I I .  9 ).
111.B.2b Ch lo r ina t ion  o f  3 - f l u o ro a n i l i n e
Some c h l o r o - 3 - f l uoroani1ines were prepared
as references to i d e n t i f y  the products obtained from c h lo r in a t io n  o f
193 - f l u o r o a n i l i n e .  These compounds were i d e n t i f i e d  from F n.m.r .  
spectroscopy as 6 - c h lo ro -3 - f l u o r o a n i l i n e  (septe t ;  6F = -115.1 ppm)
4 - c h lo r o - 3 - f l u o r o a n i1ine ( t r i p l e t ;  6F = -115.8 ppm) and 4 ,6 -d ic h lo ro -3 -
f l u o r o a n i1ine ( t r i p l e t ;  6F = -117.6 ppm).
The ch lo r ina ted  product obtained from equimolecular amounts o f
193 - f l u o r o a n i l i n e  and SO2CI2 was id e n t i f i e d  by F n.m.r .  spectroscopy 
as 41% 3 - f l u o r o a n i l i n e  ( I )  ( 6F = -113.6 ppm), 23% 6 -c h lo ro -3 - f lu o ro -  
a n i l i n e  ( I I )  (ôF = -115.8 ppm), 29% 4 -c h lo ro -3 - f lu o ro a n i l i n e  ( I I I )
( 6F = -115.2 ppm) and 7% 4 ,6 - d i c h lo r o - 3 - f l u o r o a n i l i n e  (IV)
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(ôF = -117.5 ppm) which did agree more or less wi th the compositions
obtained from GLC 40% ( I ) ,  27% ( I I ) ,  22% ( I I I )  and 11% ( IV ) .
HPLC showed the separate re ten t ion  times as 5.1 min ( I ) ,  6.9 min ( I I ) ,
14.1 min ( I I I )  and 9.9 min ( IV ) .
When two molecular proport ions o f  SO^Cl^ were used the compositions 
19according to F n.m.r .  spectroscopy were 44% ( I ) ,  2% ( I I ) ,  37% ( I I I )  
and 17% ( IV ) .  GLC showed 47% ( I ) ,  8% ( I I ) ,  26% ( I I I )  and 19% ( IV ) .
The re te n t io n  times appeared in  HPLC separation as 5.2 min ( I ) ,
6.9 min ( I I ) ,  14.4 min ( I I I )  and 10 min ( IV ) .
In comparison o f  brominat ion and c h lo r in a t io n  o f  3 - f l u o r o a n i l i n e  
the poly-brominated amine was the major product among the brominated 
products w i th  any r a t i o  o f  bromine to amine. When c h lo r in a t io n  took 
place in  equimolecular r a t i o  the 6-ch lo ro  and 4 - c h lo ro -3 - f lu o ro a n i l i n e  
were formed. When the r a t i o  o f  c h lo r in a t in g  agent was increased the
6 - c h lo ro -  took pa r t  in  forming the d i c h lo ro -3 - f l u o r o a n i l i n e  which showed
the r e l a t i v e  i n s t a b i l i t y  o f  6 - c h lo ro -3 - f lu o ro a n i1ine to f u r th e r  
subs t i  t u t i o n .
I I I . B . 3  4 -F luo roan i1ine
111.8.3a Bromination o f  4 - f l u o ro a n i l i n e
The products obtained from the bromination
o f  4 - f l u o r o a n i l i n e  w i th  aqueous bromine (BrOg /Br  ) were analysed
19q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  by F n.m.r .  spectroscopy, GLC 
and HPLC.
^^F N .m .r .  spectroscopy f o r  equimolecular react ions showed 78% 
unreacted 4 - f l u o r o a n i l i n e  ( I )  (sep te t ;  6F = -127.1 ppm), 5% 2-bromo- 
4 - f l u o r o a n i l i n e  ( I I )  ( qua r te t ;  6F = -125.6 ppm) and 17% 2 ,6-dibromo-4-
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f l uoroan i1ine ( I I I )  ( t r i p l e t ;  6F = -124.9 ppm). GLC showed 11%
( I ) ,  5% ( I I )  and 18% ( I I I ) .  In HPLC measurements a c a l i b r a t i o n
curve f o r  each authent ic  compound was made using 2 ,6-d ibromoani1ine
as in te rna l  standard f o r  a l l  measurements (F ig.  I I I . 10 a ,b ) .  In the
reac t ion  mixture HPLC showed 76% ( I ) ,  7% ( I I )  and 18% ( I I I ) .
General ly there is agreement between the analys is  which obtained
from the three techniques. The same components were obtained when
two molecular proport ions o f  bromine were used. The product
19composit ion found by F n.m.r .  spectroscopy was72% ( I ) ,  7% ( I I ) ,  
and 21% ( I I I ) ,  whereas GLC gave 72% ( I ) ,  7% ( I I )  and 21% ( I I I )  and 
HPLC gave 71% ( I ) ,  8% ( I I )  and 21% ( I I I ) .
111.B.3b C h lo r ina t ion  o f  4 - f l u o r o a n i l i n e
The analys is  o f  products from 4 - f l u o r o a n i l i n e
19w i th  equimolecular amounts w i th  SOgClg showed by F n.m.r .
spectroscopy 63% unreacted 4 - f l u o r o a n i l i n e  ( I )  ( 6F = -127.1 ppm),
28% 2 - c h lo ro -4 - f l u o r o a n i1ine ( I I )  ( qua r te t ;  ôF -125.7 ppm) and
9% 2 , 6 - d i c h lo r o - 4 - f l u o r o a n i l i n e  ( I I I )  ( t r i p l e t ;  ôF = -124.3 ppm).
GLC suggested the composi tion 63% ( I ) ,  29% ( I I )  and 8% ( I I I ) .
HPLC re te n t io n  times appeared as 4.0 min ( I ) ,  5.2 min ( I I )  and
7.7 min ( I I I ) .  The same components were obtained when two molecular
proport ions o f  SO^Cl^ were used. According to the three techniques
19analysed the composi tions were suggested to be ( F n.m.r .  
spectroscopy) 63% ( I ) ,  28% ( I I )  and 9% ( I I I ) ;  by GLC, 63% ( I ) ,
31% ( I I )  and 6% ( I I I ) ;  whereas HPLC gave the re ten t ion  times 4.0 min 
( I ) ,  5-2 min ( I I )  and 7.7 min ( I I I ) .
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Fig.  111.103 HPLC Chromatogram
4-Fl uoroani l i n e  and Br^ (B rO yB r ” ) (1 :1 ;  0.01 mol)
a) C a l ib ra t ion
1) 2 -Bromo-4-f luoroan i1i ne
2) 2 ,6 -D ib rom o-4 - f luoroani1i ne
3) 4 -F luo roan i l ine
fO(D
S-c
O)
>
<ucc
0.4-
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F i g .  1 1 1 . 1 0 b  HPLC C h r o m a t o g r a m
4-Fluoroani  l i n e  and Br^ (B rO ÿB r ” ) (1 :1 ;  0.01 mol)
b) Reaction
1) 4 -F luo roan i1i ne
2 ) 2-Bromo-4-f luoroan i1i ne
3) 2,6-Dibromoani1ine ( In te rna l  standard)
4) 2 ,6 -D ib romo-4- f luo roan i1ine
1
u
0 3 6 9 1 2
Retention Time/min
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In the brominat ion o f  4 - f l u o r o a n i l i n e  the r ing was act iva ted  
by mono-bromination which caused po ly-brominat ion wh i le in the 
c h lo r i n a t io n  the mono- ch lo ro -  is more s tab le  to the react ion 
condi t i o n s .
1 0 0
APPENDIX I
The expected f luo r in e -19  chemical s h i f t s  f o r  the halogenated 
f luorophenols and f lu o ro a n i l i n e s  were ca lcu la ted  from previous work 
on subs t i tu ted  f luorobenzenes.
19F N.m.r.  spectra o f  o -subs t i tu ted  fluorobenzenes have been 
74repor ted,  in which bromine and ch lo r ine  atoms in  oppos i t ion 
r e l a t i v e  to f lu o r in e  showed chemical s h i f t s  o f  -7.07 and +1.18 ppm. 
1 ,1 ,2 ,2 -Te t rac h lo ro -3 ,3 ,4 ,4 - te t ra f lu o ro c y c lo b u ta n e  was used as 
in te rn a l  standard and the solvent was cyclohexane. These values 
were used to est imate changes in  the chemical s h i f t  o f  f l u o r in e  in 
m-f luorophenols and m - f lu o ro a n i l i n e s .  Examples are given below.
Table AI-1
Compound ôF/ppm
3-Fluorophenol - 112.1
4-Bromo-3-f1uorophenol - 112.1 + 7.07 = -105.03
4-C h lo ro -3 - f luorophenol - 112.1 - 1.18 = -113.28
3 -F lu o ro an i l in e -113.6
4-Bromo-3-f1uoroani1i ne -113.6 + 7.07 = -106.53
4-Ch lo ro -3 - f luo roan i  1 ine ' -113.6 - 1.18 = -114.78
1 0 1
19The F n.m.r .  s h i f t s  o f  m-subst i tu ted fluorobenzenes
p 1
r e l a t i v e  to f luorobenzene, in acetone, are given below.
Table AI-2
Compound ôF/ppm
3-Bromofluorobenzene -2.62
3 ,5 -Dibromofluorobenzene -4.36
3 -C h lo ro f1uorobenzene -2.34
and these have been used to est imate the e f fe c ts  o f  subs t i tuen ts
upon the chemical s h i f t  shown by 0 - f luoropheno l5 and 0- f l u o r o a n i l
Table AI-3
Compound 6F/ppm
2-Fluorophenol -141.4
4-Bromo-2-f luorophenol -141.4 + 2.62 = -138.78
4 ,6-Dibromo-2-f luorophenol -141.4 + 4.36 = -137.04
4-Chloro-2-f luorophenol -141.4 + 2.34 = -139.06
2 -F lu o ro an i l in e -135.7
4-Bromo-2-f luoroani  1 i ne -135.7 + 2.62 = -133.08
4 ,6-D ibromo-2- f luoroan i  1 ine -135.7 + 4.36 = -131.34
4-Chl o r o - 2 - f l uoroani 1 ine -135.7 + 2.34 = -133.36
1 0 2
The chemical s h i f t s  f o r  p -subs t i tu ted  f luorobenzenes in
23n-hexane have been reported w ith f luorobenzene as reference.
The chemical s h i f t s  of  bromine and ch lo r ine  p -pos i t ion  to f l u o r in e  were 
+2.73 and +3.30 ppm respec t ive ly .
Examples o f  values which have been ca Icu la ted are g
Table AI-4
Compound ôF/ppm
3-Fluorophenol - 112.1
6-Bromo-3-f1uorophenol - 112.1 - 2.73 = -114.83
6 -Ch lo r o - 3 - f l uorophenol - 112.1 - 3.30 = -115.40
3 -F luo roan i1i ne -113.6
6-Bromo-3-f1uoroani1i ne -113.6 - 2.73 = -116.33
6 -C h lo ro -3 - f l u o r o a n i l i n e -113.6 - 3.30 = -116.90
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PART I I :  THERMODYNAMICS
CHAPTER I
I :  INTRODUCTION
I l l
1. INTRODUCTION
I .A L i te ra tu re  Review
I .A . l  General Methods of  Preparation of  Bromo-ani1i ne Der ivat ives
The brominat ion of  aromatic amines is  usua l l y  achieved by
1 2 using bromine in ac id ic  medium, bromide/bromate in  ac id ic  medium,
3
hydro lys is  o f  the corresponding ace tan i l ides  and brominat ing agents
4 5such as a) N-bromosuccinimide b) hydrobromic acid in aqua reg ia .
Many brominated a n i l i n e  de r iva t i ves  are known. Such preparat ions 
include mono- and dibromoani1 ine d e r iva t i ves  which are l i s t e d  in the 
fo l low ing  tab le .
Table I .1 Bromoanil ine Der iva t ives
2,6-D ib romo-4-ch lo roan i1in e ^ ’ ^ 3 92-Bromo-4-chloroani1ine ’
r Q
4 ,6 -D ib romo-2-ch lo roan i l ine  ’
3
4-Bromo-2-chloroani  1 i ne
2 ,6 -D ib ro m o-4 -n i t roan i1in e ^ ’ ^^ '^ ^ 122-Bromo-4-ni t r o a n i1i ne
4 ,6 -D ib ro m o-2 -n i t roan i1i ne^ ^ 4-Bromo-2-ni t r o a n i1ine^^
The p a r t i a l  bromination o f  a n i l i n e  d e r iva t i ves  was studied and 
reported by Francis . ^^
1 1 2
1. A. 2 Previous Studies on A n i l i ne  Der ivat ives
I .A.2a Spectrophotometric Studies
In f ra red  absorpt ion was appl ied to examine band
in te n s i t i e s  and band shapes associated w ith the s t re tch ing  v ib ra t io ns
of  the amino group in a ser ies o f  m- and p- subs t i tu ted  a n i 1ines
The r e la t io n s h ip  between the ant isymmetr ic and symmetric s t re tch ing
frequencies o f  these subs t i tu ted  a n i l i n e s  was found by Bellamy and 
19Wil l iams.  In the l i g h t  o f  t h is  r e la t i o n s h ip  the in f ra red  spectra
20of  some opsubst i tu ted  a n i l i n e s  showed a d i f f e r e n t  behaviour,  which
conf irmed the presence o f  hydrogen bonding between the amino group and
o -s ubs t i tu ted  a n i l i n e s .  2 ,4 ,6 -T r ib romoan i l ine  showed s l i g h t l y
greater  dev ia t ions  than compounds in  which there is  only one hydrogen
in the o - p o s i t i o n  r e l a t i v e  to the amino group. 2,6-Dibromo-4-
n i t r o a n i l i n e  behaved d i f f e r e n t l y  from 2 ,4 ,6 - t r ib ro m o a n i1ine due to
the amino group r o ta t i o n  so tha t  con juga t ion w i th  the benzene r ing
and wi th  the 4 - n i t r o  group was changed because the repu ls ive  terms
and the conjugat ion  energy between the amino group and the res t  o f  the
20molecule are comparable.
p o]
In f ra red  spectra ’ and Raman spectra were app l ied to
25examine 4 , 6 -d ibromo-2- c h lo ro a n i1ine,  wh i le e le c t r o n ic  spectra and 
26 27Raman spectra ’ were app l ied to examine 2,6-dibromo-4-chloroani1 ine 
Also spect rophotometr ic measurements were used to determine the 
b a s i c i t y  constant o f  4 ,6 -d ib ro m o -2 -n i t ro a n i l i n e  a t  20, 40 and 60^C.^^
I .A.2b Thermodynamic Studies
29 30The en tha lp ies o f  s o lu t ion  o f  a n i l i n e  ’ and 
s ubs t i tu ted  a n i l i n e s  e.g.  2- c h lo r o a n i1ine^^ in water a t  i n f i n i t e
13
d i l u t i o n  are known. The s o l u b i l i t y  o f  a n i l i n e s  in water depends
on the nature and pos i t ion  o f  the s ubs t i tuen t .  The s o l u b i l i t y  of
4 - n i t r o a n i l i n e ,  which is s l i g h t l y  soluble in water,  was determined
31by Gross and Saylor.  The enthalpies  o f  t r a n s fe r  o f  some 
subs t i tu ted  a n i l i n e s  from water to cyclohexane were deduced from
the ext rapo la ted d i s t r i b u t i o n  c o e f f i c ie n ts  measurements a t  i n f i n i t e
32 33 33d i l u t i o n .  The enthalpies  o f  t ra n s fe r  o f  phenol a n i l i n e ,
4-chlorophenol and 4 -c h lo ro an i l in e^^  between organic solvents and
water were also determined. Complete thermodynamic p r o f i l e s  were 
33obtained f o r  t r a n s fe r  o f  phenol from octane, to luene,  and octanol 
to water,  a lso f o r  t r a n s fe r  o f  a n i l i n e  from toluene to water.  4-Chloro- 
a n i l i n e  and 4-chlorophenol were among 29 neutral  a l i p h a t i c  and aromatic 
so lu tes ,  f o r  which entha lp ies o f  t r a n s fe r  between alkanes and water were 
determined by d i r e c t  c a lo r im e t r i c  m e a s u r e m e n t s B o t h  compounds 
showed exothermic en tha lp ies  o f  t r a n s fe r  from 2 ,2 ,4 - t r im ethy lpen tane  to 
aqueous b u f fe r  (pH 7).
S o l u b i l i t y  is  an i n d i r e c t  measurement to ob ta in  thermodynamic
p rope r t ies .  Standard f ree e ÿ g i e s  and enthalpies  o f  t r a n s fe r  o f
4 - n i t r o a n i l i n e  from water to aqueous mixtures o f  some io n ic  and
non- ion ic  media l i k e  potassium bromide, urea, propylene g l y c o l ,
g l y c e ro l ,  dioxane and 1 , 2-dimethoxyethane were determined from
36s o l u b i l i t y  measurements a t  d i f f e r e n t  temperatures.  By the same 
technique f ree  energies and entrop ies o f  t r a n s fe r  a t  25^0 o f
374 - n i t r o a n i l i n e  from water to var ious aqueous alcohols were determined.
114
Some other  thermodynamic parameters were repor ted, such as:
a) The standard enthalpy o f  combusion o f  4 - n i t r o a n i 1ine^^ and
enthalpy of  format ion o f  4 - n i t r oan i 1i n e b) The la te n t  heats
of fus ion o f  2 -c h lo ro a n i1i ne and 4 -ch lo ro an i1i ne were determined
42at m e l t in g -p o in t  temperatures. c) The heats o f  n e u t ra l i s a t io n  
and the basic strengths o f  2 -c h lo ro a n i l i n e ,  4 -c h lo ro a n i l i n e  and
4 - n i t r o a n i l i n e  in a c e t o n i t r i l e  were measured by automat ic thermometric 
t i t r a t i o n s  using hydrobromic acid in a c e t o n i t r i l e  as a t i t r a n t .
General ly ,  from the thermodynamic po in t  o f  view there are no
thermodynamic data on the bromination o f  a n i l i n e  de r iva t i ves  in the
previous work. Some pre l im ina ry  work on the thermochemistry o f
bromination o f  phenols and a n i l i n e s  is  a v a i l a b l e . I s o p e r i b o l
so lu t ion  ca lo r im e t ry  was used to measure the enthalpy o f  bromination
o f  phenol to 2 , 4 , 6 - t r ib romopheno l, a n i l i n e  to 2-bromoani1i n e , a n i l i n e
to 4-bromoani1ine and 2,4-d ibromoani1ine to 2 ,4 ,6 - t r ib ro m o a n i l i n e .
From these measurements the standard enthalpies  o f  format ion o f
2 ,4 ,6-tr ibromopheno l and 2 ,4 ,6 - t r ib ro m o a n i l i n e  were ca lcu la ted .  Also
the entha lp ies  o f  format ion o f  these compounds were obtained from
measuring the en tha lp ies  o f  combustion using a rotating-bomb ca lo r imete r .
present
The ob jec t  o f  the^ work is to es tab l ish  thermochemical data on the 
bromination o f  a n i l i n e  de r iva t i ves  such as 2 - c h lo ro a n i l i n e ,  4-bromo-2- 
c h lo ro a n i1i ne, 4 - c h lo ro a n i l i n e ,  2 - n i t r o a n i l i n e  and 4 - n i t r o a n i l i n e  using 
s o lu t i o n  c a lo r im e t r i c  measurements, in  add i t ion  to s o l u b i l i t y  
measurements on 4-bromoani l ine,  2,6-dibromoani1ine and 2 ,4 ,6 - t r ib ro m o a n i l in e  
Stat ic-bomb ca lo r im e t ry  is  su i tab le  f o r  burning organic compounds containing 
C, H, 0 and N. However, organic iodides are the only hal ides which can 
be determined by th is  method. Rotating-bombs are very ra re ,  but may be
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used fo r  burning organic compounds containing ch lo r ine  or bromine 
and incorporat in3 a s u i t a b le  reducing agent can be used to react 
w i th the products.  A so lu t ion  of  halogen hydracid w i l l  then be the only 
compound conta in ing halogen in the f i n a l  s ta te .  In th is  case isoper ibo l  
s o lu t io n  ca lo r im e t fs  was found more convenient to der ive the enthalpy 
o f  format ion o f  bromoani l ine d e r iv a t i v e s .  Isoper ibo l  so lu t ion  
ca lo r im e t ry  can be used success fu l ly  w i th  react ions o f  shor t  durat ion 
( less than 15 min). The development o f  so lu t ion  ca lo r im e try  is  f u l l y  
descr ibed elsewhere.
Applying the thermometric t i t r a t i o n  technique on the bromination 
of  a n i l i n e  de r iv a t i v es  is useful  f o r  q u a l i t a t i v e  and q u a n t i ta t i v e  
ana lys is .  By adding the bromine stepwise to the s o lu t ion  o f  a n i l i n e  
d e r i v a t i v e s ,  the thermometric t i t r a t i o n  curves revealed the breakpoints 
when equimolecular amounts o f  bromine were added. From these break­
po in ts  the number o f  brominat ion steps may be informed. Also the 
concentra t ion  o f  the t i t r a n t  can be ca lcu la ted  at  each step o f  the 
reac t ion .  The enthalpy o f  the brominat ion react ion can be measured.
In t h i s  work we measured the enthalpy o f  the bromination o f  a n i l i n e  
d e r iv a t i v e s  using isoper ibo l  so lu t ion  ca lo r im etry  and thermometric 
t i  t r a t i o n s .
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1. B Aim of  Work
Halogenated phenols and an i l i n e s  are introduced to the 
environment in several ways e.g.  d i r e c t l y  as in d u s t r i a l  e f f l u e n ts
and i n d i r e c t l y  as t ransformat ion products in the manufacture o f
45,46 47
herb ic ides .  The tox ic  e f f e c t  on l i v i n g  organisms is extended
48 49 6
through the p o l l u t i o n  o f  surface water ’ and s o i l .  N i t ro a n i l i n e s
50
have a po ten t ia l  hazard associated w ith t h e i r  thermal behaviour,  
which need thermal s t a b i 1i t y -hazard  analys is  to assure t h e i r  safe 
processing, handl ing and storage. For these reasons the work
on these compounds is  important.  There are few thermochemical
data f o r  such compounds.
The enthalpy o f  so lu t ion  o f  2 ,4 ,6-t r ib romophenol ,  4-bromoani l ine,
2 ,6 -d ib romoan i l ine  and 2 ,4 ,6 - t r ib ro m o a n i l i n e  was determined from 
s o l u b i l i t y  measurements in toluene and n-propanol . This was achieved 
by app ly ing the dynamic p r e c ip i t a t i o n  method.
The enthalpy o f  brominat ion o f  2 - c h lo ro a n i l i n e ,  4-bromo-2-chloro- 
a n i l i n e ,  4 - c h lo ro a n i l i n e ,  2 - n i t r o a n i l i n e  and 4 - n i t r o a n i l i n e  was 
determined using the so lu t ion  ca lo r im e t ry  technique.
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I I  SOLUBILITY
11 Dynamic p r e c ip i t a t i o n  method f o r  s o l u b i l i t y  de terminat ion^
When a chemical system is in e q u i l i b r iu m ,  no apparent change takes 
place, but a dynamic e q u i l ib r ium  is assumed with two opposing react ions 
proceeding a t  the same ra te .  A saturated s o lu t ion  is a simple case 
o f  e qu i l ib r ium .  S o lu b i l i t y  is  def ined as the weight o f  solute tha t  
w i l l  d isso lve  in a given weight or volume o f  so lvent to give a 
saturated so lu t ion  at  a spec i f ied  temperature.  The s o l u b i l i t y  data 
can be used f o r  c a lc u la t i n g  the d i f f e r e n t i a l  heats o f  so lu t ions  a t  
s a tu ra t ion .
In t h is  work, a dynamic p r e c ip i t a t i o n  method was used to 
determine s o l u b i l i t y  curves f o r  2 ,4 ,6- t r ib romopheno l ,  4-bromoani l ine,
2 . 6 -d ib romoan i l ine  and 2 , 4 , 6 - t r ib ro m o a n i1 ine in toluene and 
n-propano l .
I I . A .  Experimental
I I . A . 1 Mate r ia ls  and Methods
2,4,6-Tribromophenol (A ld r i c h )  was r e c r y s ta l l i z e d  four  
times from pet.  ether  (60 - BO^C), 4-bromoani l ine (H & W) was 
re c r y s t a l l i z e d  four  times from d i l u t e  a lcoho l ,  2 ,6-d ib romoan i l ine 
(A ld r i c h )  was r e c r y s t a l l i z e d  fou r  times from d i l u t e  alcohol  and
2 .4 .6 - t r ib ro m o a n i1ine (H & W) was r e c r y s t a l l i z e d  three times from 
e th a n o l .
A l l  the c r y s t a l l i n e  so l id s  were ground and kept dry in  a des iccator  
under vacuum over s i l i c a  ge l .
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The p u r i t y  of  these compounds were checked by gas l i q u id
chromatography and constant melt ing p o in t ;  2,4,6-tr ibromophenol
m.p. 92°C l i t ^ ^  92°C and 95°C; 4-bromoani l ine m.p. 62 - 64°C,
52 1
l i t .  63 - 66°C and 66°C; 2 ,6-d ib romoan i l ine m.p. 82°C,
l i t ^ ^  83 - 84°C and 2 , 4 ,6- t r ib ro m o a n i1i ne m.p. 115°C, l i t .
52 1
118°C, 119 - 120°C and 120°C.
Toluene and n-propanol were used as so lvents .  Toluene (M & B)
was p u r i f i e d  by r e d i s t i l l a t i o n  under atmospheric pressure a t  l l l ^ C
and kept over 4A molecular s ieve; n-propanol (M & B) was p u r i f i e d
by r e d i s t i l l a t i o n  under pressure o f  760 mm Hg at  94 - 96°C and kept
over 4A molecular s ieve.
A conical  tube was used f o r  the s o l u b i l i t y  measurements. An
exact weight o f  sample was inser ted in to  the tube. An exact known
3
volume o f  so lvent  was added from a bure t te  (graduated up to 0.02  cm ). 
The mixture was heated in a water bath w i th  constant s t i r r i n g  u n t i l  
the s o l i d  d isso lved.  The tube was then clamped in a beaker o f  su i tab le  
s ize to reduce droughts.  Then the s o lu t io n  was al lowed to cool w i th 
constant s t i r r i n g .  The temperature a t  which the c rys ta l  f i r s t  
appeared was measured by a thermometer (graduated to 0.1°C).  The 
heating and coo l ing were repeated u n t i l  constant resu l ts  were obtained 
( -  0 .2°C).  Another known volume o f  so lvent  was added and the 
procedure repeated to ob ta in  f u r t h e r  r e s u l t s .  The d i l u t i o n ,  heating 
and coo l ing were cont inued as f a r  as was p r a c t i c a l .
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I I . B. Results and Ca lculat ions
The s o l u b i l i t y  data of  2 ,4 ,6-t r ib romophenol ,  4-bromoani l ine,
2 ,6-d ib romoan i l ine  and 2 , 4 , 6 - t r ib romoan i1i ne in toluene and n-propanol 
are recorded in Tables I I . 1-8. Fig.  I I . 1 and 2, show the s o l u b i l i t y  
curves o f  m o la l i t y  (S) vs. temperature (T) and Fig.  I I . 3 and 4, show 
the graphs o f  InS vs. j .
The d i f f e r e n t i a l  heats o f  so lu t ions  o f  these compounds were 
ca lcu la ted  from the graphs o f  InS vs. y  by apply ing the fo l low ing  
equa t ion : -
0 )
R T R
S = s o l u b i l i t y  in mol/lOOOg of so lvent .
= heat o f  s o lu t io n  /  J mol \
R = gas constant/JK"^ mol” ^.
AgQ^S^ = entropy o f  so lu t ion / jK~^  m o l~ \
Equation (1) was obtained from the v a n ' t  Hoff  equation^ r e la t i n g  
the e q u i l i b r iu m  constant and the absolute temperature.
dInS ^ 
dT RT^
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Integra ted form
log S = —  . — + constant
2.303R T
,  2^ Asol"* (Tg - b)log —  = ----------  . ----------------
2.303R (T^T^)
S-| ,$2 = s o l u b i l i t i e s  in mol/1000 g o f  so lvent a t  absolute
temperatures and Tg.
The ca lcu la ted  d i f f e r e n t i a l  heats o f  so lu t ions  a t  sa tu ra t ion  f o r
these compounds are recorded in Table I I . 9 and 10, a leas t  squares
54-regression programme was app l ied .
lO
] )  2 , 6-Dibromoaniline
2 ) 2,/. ,6-Tribromophenol
3) 4-Bromoanil ine
/,) 2 ,4  ,6 -Tribromoanil ine
80 -
o
6
60 -
40 ,
6020
T / o c
123
] ] -  2 S o l u b i l i t y  in n - P r o p a n o l
M 2,  4 j  6 - T  r i b r o m o p h c n o l  
2)  4 - B ro m o a  ni I i ne 
31 2,  4 , 6 - T  r i b r o m o a n i l  i ne 
4)  2  ^ 6 - D i b r o m o a n i l  i ne
31
0.3
o
£
CO
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0 2 0 6 0
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c
P l o l o f  I n S  vs in Toluene
) )  4 - B r o m o a  ni l  i ne
2)  2 . 6  - D i b r o m o a n i l i n e
3) Zj  4,  6 - T  r i b r o m o p h e n o l
4)  2, 4,  6 - T  r i b r o m o a n i l i n e
3.5-
2.5-
TT TT T
X Î O
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F i p .  1 1 - 4  P l o t  o f  In S vs ~  in n - P r o p a n o i
1) 4 - B r o m o a n i l i n e  
2 ) 2 , 4 ,  6 - T  r i b r o m o p h e n o l
3) 2 , 6 - D i b r o m o a n i l i n e
4)  2,  4 , 6 - T  r i b r o m o a n i l i n e
( 2 4 l n S  )
3 0 xlO
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T a b l e  1 1 .1
S o lu b i l i t y  o f  2 , 4 , 6-Tribromophenol in Toluene 
Mass o f  2 , 4 , 6 - Tribromophenol = 13.5608 g
3
Density o f  Toluene = 0.8671 g/cm 
Volume of
toluene/cm 3 S/mol dm ^ InS Mean temp/°C T/K
6.34 7.49 2.01 54.4 327.55 30.53
6.84 6.94 1.94 52.5 325.65 30.71
7.30 6.51 1.87 49.4 322.55 31.00
7.72 6.15 1.82 48.4 321.55 31.10
8.26 5.75 1.72 47.0 320.15 31.23
9.04 5.25 1.66 44.3 317.45 31.50
10.02 4.74 1.56 41.8 314.95 31.75
11.34 4.19 1.43 38.6 311.75 32.08
12.34 3.85 1.35 36.4 309.55 32.31
13.44 3.53 1.26 36.7 309.85 32.27
14.68 3.23 1.17 32.9 306.05 32.67
16.94 2.80 1.03 30.6 303.75 32.92
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Table I I . 2 
S o lu b i l i t y  of  4-Bromoan111 ne 1n Toluene 
Mass o f  4-Bromoani l ine = 6.2148 g, 9.3315 g
Volume of  S/mol dm  ^ InS Mean temp/°C T/}< 10^ /
to i  uene/cm_______________________________________________________ T
1.84 22.65* 3.12 38.1 311.25 32.13
2.16 19.29* 2.96 36.8 309.95 32.26
0.98 63.84 4.16 51.7 324.85 30.78
1.18 53.93 3.99 49.1 322.25 31.03
1.38 45.34 3.81 46.3 319.45 31.30
1.54 40.63 3.70 45.0 318.15 31.43
1.88 33.28 3.50 43.5 316.65 31.58
2.36 26.51 3.28 42.4 315.55 31.69
3.06 20.45 3.02 40.2 313.35 31.91
4.02 15.56 2.74 33.7 306.85 32.59
5.72 10.94 2.39 29.8 302.95 33.00
7.54 8.30 2.12 26.3 299.45 33.39
1 2 8
I a b 1 e  1 1 . 3
S o lub i ] i l y  of  2 , 6 -ü ibromoani1ine in Toluene 
Mass of  2 ,6 -Dibromoani1i ne = 4.9701 g
Volume of  5/n,ol dm  ^ InS Mean temp/°C T/K 10^ /  u
t o i uene/cm T
3.02 7.56 2.02 42.6 315.75 31.67
3.34 6.84 1.92 41.8 314.95 31.75
3.84 5.95 1.78 38.7 311.85 32.07
4.32 5.29 1.67 37.6 310.75 32.18
5.06 4.51 1.51 33.8 306.95 32.58
5.52 4.14 1.42 33.3 306.45 32.63
6.26 3.65 1.29 31.0 304.15 32.88
7.54 3.03 1.11 27.4 300.55 33.27
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T a b l e  I I . 4
S o lu b i l i t y  o f  2,4 , 6 -T r ibromoani1ine in Toluene 
Mass o f  2 , 4 , 6-T r ibromoani1i ne = 2.6647 g 
Volume o f  r-/  ^ -3 ,  ^  ^ ,o^ ^ i r ^ 4S/mol dm InS Mean temp/ C T/K 10
to i  uene/cm_____________________________________________________ f
2.60 3.58 1.28 60.0 333.15 30.02
3.28 2.84 1.04 53.8 326.95 30.59
3.86 2.41 0.88 48.6 321.75 31.08
4.37 2.13 0.76 44.5 317.65 31.48
4.82 1.93 0.66 41.6 314.75 31.77
5.30 1.76 0.56 38.8 311.95 32.06
5.78 1.61 0.48 36.3 309.45 32.32
6.36 1.46 0.38 33.4 306.55 32.62
7.16 1.30 0.26 30.4 303.55 32.94
8.46 1.10 0.10 25.7 298.85 33.46
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T a b l e  I I .5
S o lu b i l i t y  o f  2 ,4 , 6 -T r i  bromophenol in n-Propanol 
Mass of  2 , 4 , 6 -Tribromophenol = 14.7724 g
3
Density o f  n-Propanol = 0.8017 g/cm 
Volume o f  r ,  u -3 ,  ^  ^ ,0n -r,,, -,^4S/mol dm InS Mean temp/ C T/|< 10 j  ^
n-propanol/cm____________________________________________________ T
4.68 12.16 2.50 52.4 325.55 30.72
4.78 11.65 2.46 49.4 322.55 31.00
5.02 11.09 2.41 48.3 321.45 31.11
5.38 10.35 2.34 44.7 317.85 31.46
5.70 9.77 2.28 43.7 316.85 31.56
5.98 9.31 2.23 42.2 315.35 31.71
6.38 8.73 2.17 39.7 312.85 31.96
6.76 8.24 2.11 38.1 311.25 32.13
7.16 7.78 2.05 36.1 309.25 32.34
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T a b l e  I I . 6
S o l u b i l i t y  o f  4-Bromoan111 ne in n-Propanol 
Mass o f  4-Bromoani l ine = 8.4299 g
Volume o f  s/mol dm"^ InS Mean temp/°C T/K lo'* j  y
n-propanol /cm  T
1.38 44.29 3.79 45.1 318.25 31.42
1.48 41.30 3.72 43.1 316.25 31.62
1.66 36.82 3.61 41.5 314.65 31.78
2.06 29.67 3.37 39.4 312.55 31.99
2.50 24.45 3.20 37.2 310.35 32.22
3.04 20.11 3.00 35.3 308.45 32.42
3.80 16.08 2.78 31.7 304.85 32.80
4.42 13.83 2.63 28.9 302.05 33.11
5.28 11.58 2.45 27.5 300.65 33.26
7.16 8.54 2.14 23.9 297.05 33.6
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Table I I . 7
S o lu b i l i t y  o f  2,6-Dibromoan1l ine in n-Propanol 
Mass o f  2,6-Dibromoani1i ne = 5.4159 g
Volume o f  s/mol dm'^ InS Mean temp/°C T/K 10^ / |<
n-propanol/cm__________________________________________________ T
3.98 3.77 1.33 46.5 319.65 31.28
4.32 3.48 1.25 43.9 317.05 31.54
4.82 3.12 1.14 42.0 315.15 31.73
5.40 2.78 1.02 38.5 311.65 32.09
6.02 2.49 0.91 38.0 311.15 32.14
6.78 2.22 0.80 35.0 308.15 32.45
7.60 1.98 0.68 33.5 306.65 32.61
8.68  1.73 0.55 32.1 305.25 32.76
9.68 1.55 0.44 29.4 302.55 33.05
11.18 1.34 0.29 27.9 301.05 33.22
133
Table I I .8
S o lu b i l i t y  o f  2 ,4 , 6-Tr ibromoani1ine in n-Propanol 
Mass o f  2 ,4 ,6-Tr ib romoan i1ine = 1.5612 g
Volume of  ^ s/mol dm'^ 2 + InS Mean temp/°C T/K u
n-propanol/cm  T
15.78 0.37 1.02 55.9 329.05 30.39
18.30 0.32 0.87 52.1 325.25 30.75
19.82 0.30 0.80 47.5 320.65 31.19
20.88 0.28 0.74 45.2 318.35 31.42
22.72 0.26 0.55 43.9 317.05 31.54
25.33 0.23 0.54 38.7 311.85 32.07
27.44 0.22 0.49 34.4 307.55 32.52
30.02 0.20 0.39 29.5 302.65 33.04
35.00 0.17 0.23 26.7 299.85 33.35
@ 2 + inS = -  InS t-2 -2
e.g 2.8 -  - 1 . 2  t 2 - 2
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T a b le  11 .9
S o l u b i l i t y  Da ta  i n  To luene
Compound A s o y _( k j  mol *
S o l u b i 1 i ty  
’ ) a t  25°C  
(g  mol dm’ ^]
rO
û s o l^  , 
( J K ' l  m o l ' ' )
1
-m c r
2 . 4 ,6 -T r i b r o m o p h e n o l 3 3 . 9 0 2 . 2 4 1 2 0 .4 0 4 0 7 .7 4 14 .4 8 2 0 . 9 9 5
4 - B r o m o a n i1 ine 6 5 . 9 4 7 .0 4 2 3 7 .3 9 79 3 .1 4 2 8 .5 5 3 0 . 9 9 0
2 , 6 - O i b r o m o a n i 1 ine 4 6 . 6 5 2 . 5 6 1 6 4 .2 6 5 6 1 .0 7 19 .7 5 7 0 . 9 9 6
2 . 4  . 6 - T r i b r o m o a n i 1 ine 2 8 . 0 9 1 .0 7 9 4 . 7 4 3 3 7 .8 3 1 1 .3 9 5 0 . 9 9 9
T a b le  1 1 .1 0
S o l u b i l i t y  Da ta  i n  n - P ro p a n o l
Compound
(k J  m o T '
S o l u b i l i t y  
) a t  25°C  
(g  mol dm‘ ^)
S o l ^
( J K ' ^ m o r ^
-m c r
2 , 4  ,6 -T r i b r o m o p h e n o l 2 4 .0 1 5 . 5 3 9 4 . 7 4 2 8 8 .7 7 1 1 .3 9 5 0 . 9 9 5
4 - B r o m o a n i 1 in e 6 1 . 9 5 9 . 4 0 2 2 6 .4 2 7 4 5 .1 8 2 7 .2 3 4 0 . 9 9 7
2 . 6 - D i b r o m o a n i 1 in e 4 4 . 9 3 1 . 1 8 1 5 2 .0 5 5 4 0 .3 7 1 8 .2 8 8 0 . 9 9 4
2 , 4 , 6 - T r i b r o m o a n i 1 in e 2 0 . 2 2 0 . 1 7 5 2 . 9 9 243 .21 6 . 3 7 3 0 . 9 8 9
m * S lo p e  (. ■ ^ 0 1
c ■ I n t e r c e p t  w i t h  InS  a x i s  { 
r  « C o r r e l a t i o n  C o e f f i c i e n t .
\ol^
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I I I .  SOLUTION CALORIMETRY
Isoper ibol  so lu t ion  ca lo r im e try  is a technique in which the 
temperature o f  the contents of  a reac t ion  vessel in a constant 
temperature environment is monitored as a func t ion  o f  t im e . A homemade 
ca lo r im e te r ,  operated in a p a r t i a l  d i f f e r e n t i a l  isoper ibo l  mode, which 
has been descr ibed f u l l y  elsewhere^^’ ^^was used f o r  measuring the 
en tha lp ies  o f  bnomination o f  2 - c h lo ro an i1ine,  4-bromo-2-ch loroan i1ine 
and 4 -c h lo ro a n i1ine in  aqueous sodium bromide and pe rch lo r ic  acid medium.
I I I . A  B r ie f  desc r ip t ion  o f  the so lu t ion  ca lo r imete r
A we l1- s t i i ^ d  water bath kept a t  25°C was used. The s t i r r i n g  
was achieved by a paddle-wheel dr iven by a 1400 rpm motor. The bath 
was thermostat ted by a p rec is ion  temperature c o n t r o l l e r  (Tronac Inc. 
model PT 1040) and c h i l l e r  (Grant Ltd.  model LCIO). The water bath 
was insu la ted round the sides and bottom by polystyrene sheets and the
surface o f  the water by p o ly o le f i n  spheres.
The ca lo r imete r  vessels are o f  a glass Dewar-type. They are t h in -  
wal led (1 mm) borosi l icate glass.  One is  used f o r  the reac t ion ,  and the
3
other  is  used as a re ference. They are o f  200 cm capaci ty and are 
provided w i th  aluminium l i d s .  The s o lu t ion  in  the vessels was s t i r r e d  
by glass s t i r r i n g  rods, dr iven by constant speed servo-motors.
Glass ampoules were used to in troduce the s t a r t i n g  mate r ia ls  to 
the s o lu t io n  in the react ion  vessel .  These were blown from B5 sockets 
w i th  two f r a g i l e  bulbs which were broken aga inst  the s t i r r e r  spike and
the wal l  o f  the ca lo r imete r  to s t a r t  the reac t ion .
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The thermistors  (YSI 44011, 100 k n at  25°C) were contained 
in a glass tube f i t t e d  in the screw-top aluminium l i d .  A 
d i f f e r e n t i a l  the rm is to r  br idge (Carwyn Instruments L td . ,  model 104A) 
was used to measure the d i f fe rence  in temperature between the 
react ion  and reference vessels.  The output from the br idge was 
displayed on a po ten t iometr ic  char t  recorder.
E le c t r i c a l  c a l i b r a t i o n  o f  the react ion vessel was achieved by 
passing a cu r ren t  from a constant -vo l tage source through a c a lo r im e t r i c  
heater which is a 100 ohm r e s i s t o r  (Tronac In c . ,  type R24). The 
vol tage across th is  r e s i s t o r  was measured by using a d i g i t a l  vo l tmeter.  
The cu r ren t  through the c i r c u i t  was measured by the same vo l tmeter  as 
the vo l tage across a 10 ohm r e s i s t o r  in  ser ies w i th  the c a lo r im e t r i c  
heater.  The time was measured by a t imer  connected to the c a l i b r a t i o n  
c i r c u i t .  From the vo l tage,  cur ren t  and the t ime, the energy o f  
c a l i b r a t i o n  was measured.
I I I . B  Experimental
I I I . B . l  Mate r ia ls  and Methods
2-Ch loroan i1ine (BOH) was r e d i s t i l l e d  under reduced 
pressure b.p.  92°C/18.5 mm Hg, 1i t .  ^ b .p.  113 - 117°/20 mm Hg; 
4-bromo-2 -ch loroan i1ine was rec rys ta l  1ized three times from d i l u t e  
e thano l ,  m.p. 70 - 72°C, l i t . ^  70.5 - 72°C and 4 - c h lo ro a n i l i n e  was 
rec ry s ta l  1ized four  times from pet. ether  (b .p .  30 - 40°C), 
m.p. 70 - 71°C l i t .  7 1 ° c '  and 69°C.^^
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The p u r i t y  o f  each of  these halogenated ani l ines was checked 
by a) Gas l i q u i d  chromatography using a carbowax 1500 (20%), 
gas chrom P column at  190°C; b) Sharp melt ing po in t  
c) D i f f e r e n t i a l  scanning ca lo r im e t ry  which showed 99.99% p u r i t y  
(Appendix I I ) .
Two grades o f  sodium bromide were used (Koch-Light Ltd ^Puriss A.R 
grade & FIuka AG, Puriss A .R . ) .P u r i s s  A.Pgrade o f  sodium bromate 
was used (Koch-Light L td . )  and pe rch lo r ic  acid as suppl ied (BDH).
I I I . B . l a  Synthesis o f  bromoderivatives
The brominated product o f  2 -c h lo ro an i1i ne 
and 4 - c h lo ro a n i1i ne was prepared by bromination o f  c h lo ro an i1i ne 
w i th  bromine (Br7BrO^).
3
1.3 g o f  aromatic amine in  50 cm de-ionised water was trea ted 
dropwise w i th  bromine so lu t ion  ( 2.0  g o f  sodium bromide and 1.006 g
3
o f  sodium bromate were dissolved in  25 cm de-ionised water,  then
3
2.0 cm pe rch lo r ic  acid was added to l i b e r a te  bromine). The 
bromoderivatives were p u r i f i e d  by rec rys ta l  1i z a t i o n  from pet.  ether 
(40 - 60°C) f o r  2 -ch lo ro an i1ine and ethanol f o r  4 -ch lo ro an i1ine.
The p u r i t y  and the s t ruc tu re  o f  4 ,6 -d ib rom o-2 -ch lo roan i l ine  were 
conf irmed by a) m.p. 96°C, l i t ^  95°C; b) gas l i q u i d  chromotography; 
c) m ic ro-ana lys is  : C, 25.46; H, 1.48; N, 4.92; C^H^Br^NCl 
requi res C, 25.25; H, 1.41; N, 4.91%. The p u r i t y  and the s t ruc tu re
o f  2 , 6 -d ib romo-4-ch lo roan i1i ne were confirmed by a) m.p. 98 - 100°C; 
b) gas l i q u i d  chromatography; c) m ic ro-ana lys is :  C, 25.55; H, 1.03;
N, 4.88; CgH^Br^NCl requi res C, 25.25; H, 1.41; N, 4.91%.
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I I I . B . l b  Calo r im e t r i c  Method
I I I . B . I b l  Test Reaction
The measurement o f  the enthalpy 
o f  neutral  i z a t io n  o f  t r i s  (hydroxymethyl ) ami nomethane ‘ THAM] [’ (HOCH^  ) 
(BDH, A r i s t a r  grade) in O.IM hydroch lo r ic  acid (BDH, AVS) was used as a 
tes t  react ion  f o r  the operat ion o f  the ca lo r imete r .  The THAM was ground 
to a f in e  powder and heated f o r  4 h in an oven at  80°C. The THAM was 
cooled and stored in a vacuum des iccator  over s i l i c a  gel .  The 
mechanical crushing and gr ind ing  o f  the THAM can leave an amount o f
_ 1 57
energy (40 to 90 J mol ) stored in  the s o l i d .  For tha t  reason the 
anneal ing became necessary to re tu rn  the s o l id  to i t s  o r ig in a l  energy 
s ta te .  By knowing the exact masses o f  THAM which were corrected to 
vacuo (Appendix I ) ,  the value o f  the enthalpy o f  n e u t ra l i z a t io n  was 
obtained. The res u l t s  are recorded in Table 111.1. The mean value 
o f  -29.70 -  0.05 kJ m o T L  1 i t . ^T .  a = -29.767^ 0.009 kJ mol’ ^
a t  25°C.
The n e u t r a l i z a t io n  react ion  o f  the THAM in  O.IM HCl is  an 
exothermic reac t ion .  THAM has been used before as a te s t  substance 
f o r  s o lu t i o n  ca lo r im e t ry
I I I . B . I b 2  Enthalpy o f  Reaction o f  Halogenated An i l  i n s
The measurement o f  the enthalpy o f  reac t ion  o f  
bromi nat ion o f  2 -c h lo ro a n i1ine, 4-bromo-2-chloroani1i ne and
3
4 -c h lo ro a n i1ine was ca r r ied  out using the same ca lo r imete r .  200.00 cm
o f  de-ionised water was t rans fe r red  to the reference vessel . Another
3
200.00 cm o f  a mix ture o f  sodium bromide (0.5 M) and pe rch lo r ic  acid 
(0.5 M) saturated w i th  the end product was t rans fe r red  to the react ion  
vessel .  The so lu t ion  was prepared by d isso lv ing  dr ied sodium bromide
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3
(51.49 g) in d i l u t e  pe rch lo r ic  acid (500 cm , IM) and de-ionised water
3
was added to make the to ta l  volume 1.000 dm . The m o la r i ty  o f  
pe rch lo r ic  acid was checked by t i t r a t i o n  against  a standard so lu t ion  
o f  sodium hydroxide using phenolphthalein as in d ic a to r .  The 
s o lu t ion  then saturated w ith the d ibromo-chloroani1ine by adding an 
excess o f  t h is  compound and heating to -60°C. The so lu t ion  was 
cooled and stored a t  25°C in  the thermostated bath. The so lu t ion  was 
f i l t e r e d  immediately before t r a n s fe r r in g  to the react ion vessel .
An empty stoppered ampoule was weighed ( to  - 0.00001 g ) ,  loaded 
wi th  ch lo ro a n i1ine,  and reweighed. The ampoule was then f i xed  to 
the ampoule holder on the aluminium l i d .  The two vessels were 
clamped in  the thermostated bath and l e f t  overn ight  to e q u i l i b r a te .
A known weight o f  sodium bromate was added to the react ion vessel 
s o lu t ion  through a funnel placed in the vessel l i d .  The bromine 
was then l i b e ra te d .  The s o lu t ion  was cooled down near ly to 
e q u i l ib r iu m  by adding a small amount o f  l i q u i d  ni t rogen to the cool ing 
tube in the react ion  vessel which was f ixed  to the vessel l i d .  The 
system was al lowed to come back to thermal equ i l ib r ium  by leaving i t  
f o r  / - I .5 h. The char t  paper was checked by using the m i l l i v o l t  
source to correspond to 80 mV. Then the char t  recorder pen was 
pos i t ioned to ^1 /3  o f  the char t  recorder paper. A 20 min per iod was 
recorded before s t a r t i n g  the reac t ion .  The ampoule holder was 
undamped wi th  care and the ampoule bulbs turned towards the s t i r r e r  
spike which helped to break the top bulb,  and the other bulb was then 
broken aga inst  the vessel w a l l .  The react ion  product was formed and 
the mother l i q u o r  assumed a f a i n t  ye l low co lour .  Another 30 min
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per iod was recorded. Then the react ion vessel was cooled to near ly 
e q u i l ib r iu m  using l i q u i d  n i t rogen through the cool ing tube in the 
vessel .  The system was l e f t  f o r  another 1.5 h to come back to 
thermal equ i l ib r ium .
E le c t r i c a l  c a l i b r a t i o n  was then performed. An approximately 
30 min per iod was recorded to get a s u f f i c i e n t  base l i n e .  The 
heating c i r c u i t  was then switched on simultaneously w i th the t imer,  
and the recorder pen recorded the same displacement as the react ion 
per iod.  The vol tage across the heater and the standard r e s i s t o r  were 
recorded. The heating c i r c u i t  was switched o f f  and the elapsed t ime
recorded. The recorder pen was l e f t  to record a per iod o f  -25 min.
At the end o f  the experiment the react ion  vessel was taken out 
o f  the thermostated bath and al lowed to stand. The p re c ip i ta te d  
product was then s e t t l e d ,  and the mother l i q u o r  was decanted to  leave
3
the p r e c ip i t a t e  in  -50 cm o f  the reac t ion  medium. The brominated 
product was extracted by d ie thy l  e ther ,  d r ied  over magnesium su lphate ,  
f i l t e r e d  and the solvent  was removed by ro ta ry  evaporator.  The dry 
product was compared w i th  the au then t ic  compound. The m icro-ana lys is  
f o r  the product o f  brominat ion o f  2- c h lo ro a n i l i n e  showed 
C, 25.30; H, 1.44; N, 4.82%. The product o f  the bromination o f  
4-bromo-2-ch lo roan i1ine showed C, 24.71; H, 1,48; N, 4.48%. The
product o f  the bromination o f  4 -c h lo ro a n i1ine showed C, 25.47;
H, 1.50; N, 4.48%. C^H^Br^NCl requi res C, 25.25; H, 1.41; N, 4.91%,
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111.C Results and Ca lcu la t ions
The resu l ts  obtained from the c a lo r im e t r i c  measurements 
fo r  the bromi nat ion o f  2- c h lo r o a n i1i ne and 4-bromo-2- ch lo ro an i1i ne in 
sodium bromide (0.5M) and pe rch lo r ic  acid (0.5 M) are recorded in 
Table I I I . 2 and Table I I I . 3.
The res u l t s  obtained from the c a lo r im e t r i c  measurements f o r  the 
bromi nat ion o f  4 - c h lo ro a n i1i ne in sodium bromide ( 0 .75 j^^and pe rch lo r ic  
acid (0.75 M) are recorded in Table I I I . 4.
55The heat due to the ampoule breaking was n e g l i g ib le  . The 
enthalpy o f  bnomination o f  c h lo ro a n i1ines was ca lcu la ted  from the 
fo l low ing  equa t ion : -
A y  = - p . ( v / i o ) t .  y . M  ^^,-1
1 0 0 0  . A^T.W
where:
P = vol tage across heater r e s i s t o r / v o l t s
V = vol tage across 10 ohm r e s i s t o r / v o l t s
t  = time o f  heat ing/sec.
a^T = corrected output vol tage change o f  the react ion  pe r io d /v o l t s
a^T = corrected output vol tage change o f  the c a l i b r a t i o n
peri od /vo l ts
M = molecular weight o f  the compound/g
W = weight o f  the compouhd/g.
In t h is  type of  ca lo r imete r  there is  some heat exchange between 
the ca lo r im e te r  and i t s  surroundings f o r  which a co r rec t ion  must be made
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f o r  tha t  purpose the Graphical Ex t rapo la t ion  based on Dickinson's 
59method was app l ied,  which is convenient ly appl ied to a fa s t  react ion 
and c a l i b r a t i o n .  Dickinson found tha t  the mean temperature o f  a 
react ion  per iod (T^) would occur a t  63% of  the to ta l  heat evo lu t ion .  
Fig.  I I I . l .  In p rac t ice  the ex t rapo la t ion  is usua l l y  car r ied  out 
at  0.6 aT. When the tangents to the c a lo r im e t r i c  curve are 
ex t rapo la ted to T^, the corrected temperature w i l l  be obtained as 
the d i f fe rence  between the corrected temperature before the react ion 
T i ( c o r r )  the corrected temperature a f t e r  the react ion
For the e l e c t r i c a l  c a l i b r a t i o n  the heat evo lu t ion  is usua l ly  
l i n e a r  w i th  time and the ex t ra po la t ion  is ca r r ied  out a t  0.5 AT.
The conf idence l i m i t s  f o r  the experimental measurements given in 
t h is  sect ion were ca lcu la ted  using Program LIM 95. This Program was 
w r i t t e n  in Fort ran 77 and run on the Royal Holloway and Bedford New 
College, DEC VAX 11/780 computer.
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Table I I I . l
Enthalpy o f  N e u t ra l i za t io n  o f  THAM in excess 0 . 1M HCl
★
w/g d i l u t i o n ,  n -A j^H KJ mol
0.14915 2256 29.66
0.15410 2184 29.67
0.12948 2599 29.74
0.17238 1952 29.74
0.33899 993 29.75
0.42770 787 29.64
V ^ m e a n )  = ' ^ 9 .7 0  i  0.05 KJ m o l ' l
= -29.767 i  0.009 kJ mol
★
n = mole r a t i o  o f  water to THAM,
45
Table I I I . 2
Enthalpy o f  Bromi nat ion of  2 -Chloroan i1i ne in Aqueous Sodium Bromide
and Perch lor ic  Acid (0.5 M)
o-Ch lo roan i1i ne Sodium bromate -A^H^
(kJ mol  ^ )(w/g) (w/g)
0.01936 0.040 207.60
0.03230 0.060 207.60
0.01974 0.040 207.64
0.02359 0.050 207.61
0.07186 0.120 208.75
V % a n )  = -207.84 i 0.63 kJ mol  ^
Table I I I . 3
Enthalpy o f  Bromination of  4 -Bromo-2-Chloroani1i ne in  Aqueous Sodium
Bromide and pe rch lo r ic  Acid (0.5 M)
4 - Bromo-2-Chloroani1i ne 
(w/g)
Sodium bromate 
(w/g) (kJ mol )
0.02817 0.040 88.40*
0.03242 0.045 91 .34
0.04176 0.055 91.44
0.03705 0.055 91.24
0.04909 0.065 92.30
0.03964 0.055 90.14
= -91.29 0.96 kJ mol'^
* /\
Rejected a t  3S l e v e l .
147
Table 111.4
Enthalpy o f  Broinination o f  4-Chloroani  l i n e  in Aqueous Sodium 
Bromide and P e rch lo r ic  A d d  (0.75 M)
4-Ch loroan i1i ne Sodium bromate -A H
- 1
 (w/g)_____  (w/g)______  (kJ mol
0.07919 0.12 190.36
0.07612 0.12 190.32
0.06985 0.12 190.40
0.06833 0.10 190.35
0.07468 0.12 188.20
0.08518 0.12 189.10
0.03525 0.07 188.52
V ' ’ (mean) = ‘
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IV . njRATION CALORIMETRY
When two components A and B react to form a product D, they also
aA,aq + bB,aq — > dO,c
produce a molar heat of  reac t ion ,  A^H^, which can be ca lcu la ted from 
the temperature change, a T, in the system. I f  B is added 
cont inuous ly  to A, there w i l l  be a cont inuous change of  the 
temperature o f  the system. This add i t ion  is  ca l led  a thermometric 
t i t r a t i o n ,  by which the absolute amount o f  A is measured. The p lo t  
o f  the temperature,  or  some func t ion  o f  temperature,  o f  the system 
aga inst  the time in which the volume o f  the t i t r a n t  is added is ca l led  
the t i t r a t i o n  curve.
IV.A B r ie f  Descr ip t ion o f  the T i t r a t i o n  Calor imeter
The t i t r a t i o n  ca lo r im e t ry  o f  2 - n i t r o a n i 1i ne and 4 - n i t r o a n i 1i ne 
w i th  bromine was ca r r ied  out using the same ca lo r im e te r ,  which was 
descr ibed e a r l i e r  in Chapter I I I ,  w i th  s l i g h t  m od i f ica t ions .  The 
reac t ion  vessel was adapted to match the technique. The vessel 
had the same design as in the ampoule-breaking react ion vessel but 
was provided w i th  a side-neck used f o r  d e l i v e r in g  the t i t r a n t
3
(F ig .  I V . 1 .a and b).  The t i t r a n t  was de l ive red from a 10 cm syr inge 
which had a glass barre l  and PTFE plunger.  The syr inge was actuated
3
by an e l e c t r i c  syr inge d r ive  (Harvard Apparatus, pump). A 10 cm 
length o f  3 mm in diameter PTFE tubing ran from the syr inge to a glass
ISO
d: 3LA 4 O 
LA' CL
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>
ü
151
three-way tap connected to PTFE tubing (5 metre length,  2 mm diameter)  
connected to the react ion vessel .  The tubing was co i led around a 
piece of  brass tube (5 cm in diameter) ,  which was immersed in the
3
thermostated bath. The volume o f  the tubing was about 16 cm and i t  
acted as t i t r a n t  re se rvo i r .  The PTFE tubing was connected to a glass 
tube which ran from the outside o f  the react ion vessel through the 
side-neck. The t i t r a n t  tube was held in to  the side-neck by a rubber 
screw seal a t  i t s  top end; the seal prevented the reac t ion  vessel 
from f lood ing  from the bath. The end o f  the t i t r a n t  tube was drawn 
to a c a p i l l a r y  o f  0.5 mm in diameter,  which touched the ins ide wall  
o f  the vesse l .
IV.B Experimental
IV .B . l  Mate r ia ls  and Methods
2 - N i t r o a n i l i n e  (BOH) was rec rys ta l  1ized three times from
0 60 0 
d i l u t e  ethano l ,  m.p. 72 - 73TC, l i t .  69.5 - 70.5°C. Also
4 - n i t r o a n i l i n e  was r e c r y s ta l l i z e d  three times from d i l u t e  ethanol ,
m.p. 148 - 149°C, l i t . '  148°C.
The p u r i t y  o f  both compounds was f u r t h e r  checked by d i f f e r e n t i a l
scanning c a lo r im e t ry ,  which showed 99.99% p u r i t y .
Sodium bromate (Pur iss A.p.gt'ade-Koch-Light L t d . ) ,  sodium bromide
(Fluka, AG pur iss A .R . ) ,  pe rch lo r ic  acid (GPR; 60% (BDH)) and
hydrobromic acid (GPR; 60% (BDH)), were used.
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IV . B.1 a Synthesis o f  the Bromoderivat ives
The 4 ,6- d i bromo-2-ni t r o a n i1i ne and the
2 , 6- d i bromo-4-ni t r o a n i1i ne were prepared beforehand and used as 
check mate r ia ls  to compare w i th  the brominated product of  
2 - n i t r o a n i l i n e  and 4 - n i t r o a n i l i n e  from the c a lo r im e t r i c  reac t ion .
The brominat ion was car r ied  out as fo l lows :  1.4 g o f  aromatic
amine suspended in 50 cm^ deionised water was trea ted dropwise with
bromine s o lu t io n  ( 1.1 g o f  sodium bromate and 2 g o f  sodium bromide
3 3were dissolved in 25 cm de-ionised water,  then 2 cm o f  pe rch lo r ic
acid was added to l i b e r a te  bromine). The react ion was s t i r r e d  well
f o r  30 min. The p r e c ip i t a t e  was f i l t e r e d  o f f  and washed with a
l i t t l e  d i s t i l l e d  water,  l e f t  to dry overn igh t ,  and f i n a l l y
r e c r y s t a l l i z e d  from ethanol /heptane.
The p u r i t y  and the s t ruc tu re  o f  4 , 6 -d ib ro m o-2 -n i t roan i l i ne  were 
checked by a) gas l i q u i d  chromatography, b) mic roana lys is ,  which 
showed C, 24.62; H, 1.28; N, 9.43. C^H^BrgNgOg requires 
C, 24.35; H, 1.36; N, 9.46%.
The p u r i t y  and the s t ruc tu re  o f  the isomeric 2,6-dibromo-4-
16
n i t r o a n i l i n e  were checked by a) m.p. 202 - 203°C, l i t .  202 - 204 C. 
b) microena lys is which showed C, 25.01; H, 1.46; N, 9.57%.
IV .B . lb  Ca lo r im e t r ic  T i t r a t i o n  Method
I V . B . l . b . l .  Test Reaction
A performance te s t  o f  the syringe
3
was made by d e l i v e r in g  d i s t i l l e d  water (0.32 cm /m in) .  A known 
volume o f  the water was co l lec ted  from the t i t r a n t  de l ive ry  tube at
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3
a measured time (7.1 cm de l ivered w i th in  22.2  min). This
was repeated three t imes, and the same de l ive ry  rate  was used f o r  a l l
subsequent t i t r a t i o n s .
The accuracy o f  the ca lor imete r  was checked by the measurement 
o f  the enthalpy o f  n e u t ra l i z a t io n  o f  aqueous hydroch lo r ic  acid 
(0.25 M) w i th  aqueous sodium hydroxide (0.0006 M). The resu l ts  
are recorded in Table IV. 1. Fig.  IV .2, shows the thermometric 
t i t r a t i o n  curve f o r  the n e u t ra l i z a t io n  react ion and the e l e c t r i c a l  
c a l i b r a t i o n .
IV .B .2 .b .2  Reaction Experiment
The t i t r a n t  f o r  the brominat ion was an 
aqueous s o lu t io n  conta in ing bromine (0.4 M). This so lu t ion  was 
prepared by d isso lv ing  sodium bromide (51.49 g) in a l i t t l e
3
de-ionised water and 10.0 cm hydrobromic acid (Sg, 1.7;  60%)
3
in a 100 cm vo lumetr ic  f l a s k .  Then sodium bromate (2.0120 g) was 
added to produce the bromine. De-ionised water was used to complete 
the s o lu t io n  to the mark. Then the d e l i v e ry  system was f i l l e d  w i th  
th is  s o lu t i o n ,  care being taken to exclude a i r  bubbles, and the 
system then l e f t  to equil ibrate overn ight  in the thermostated bath.
The compound f o r  bromination was accurate ly  weighed and 
t rans fe r red  q u a n t i t a t i v e l y  to the react ion  vessel by the aid of
3
200.00 cm o f  the aqueous react ion s o lu t i o n .  This react ion so lu t ion  
consisted o f  sodium bromide and pe rch lo r ic  acid (1 M), which was 
saturated w ith the f i n a l  product (d ib ro m o n i t ro a n i l in e ) .  The react ion
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vessel then was connected to the d e l iv e ry  system through the side- 
neck, f i xed  in the bath and l e f t  to e q u i l i b r a te  overn ight .  
Pre- reac t ion  was prevented by leaving a small a i r  bubble in the 
c a p i l l a r y  t i p .
A per iod o f  30 min was recorded before adding the t i t r a n t  when 
the three-way tap was adjusted to the pos i t ion  fo r  connecting the 
syr inge w i th  the tubing. The syr inge d r ive  was switched on to 
d e l i v e r  the t i t r a n t ,  which was stopped CA. 60 sec a f t e r  the end 
po in t  was observed on the char t  paper. The reac t ion  vessel was 
cooled to br ing the recorder pen back to the s ta t iona ry  base- l ine 
w i th  a l i t t l e  l i q u i d  ni t rogen through the cool ing tube. The system 
was al lowed to e q u i l i b r a te  f o r  ça. 1 h. A per iod o f  20 min was 
recorded and the c a l i b r a t i o n  heater switched on to give the same 
char t  displacement f o r  the react ion  per iod.  The vol tage across the 
heater r e s i s t o r ,  the vol tage across the 10 ohm r e s i s t o r ,  and the 
elapsed t ime were recorded.
IV.C Results and Ca lcu la t ions
A blank experiment was performed in order to determine the 
thermal e f f e c t  o f  the add i t ion  o f  the aqueous bromine as a t i t r a n t
3
( 200.00 cm o f  the reac t ion  s o lu t ion  was t i t r a t e d  w ith  bromine).
The t i t r a t i o n  per iod was 5 min, the usual per iod f o r  a bromination 
reac t ion .  The cool ing e f f e c t  was found to be 0.03 J/sec.
The res u l t s  obtained from the thermometric t i t r a t i o n  o f  
2 - n i t r o a n i l i n e  w i th  bromine are recorded in Table IV .2 and Table IV .3 
shows the resu l ts  obtained from the t i t r a t i o n  o f  4 - n i t r o a n i l i n e  w i th 
bromine.
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Fig.  IV .3 shows the t i t r a t i o n  curves f o r  the 2 - n i t r o a n i l i n e  and 
4 - n i t r o a n i l i n e .
The enthalpy o f  the react ion o f  the bromination o f  the n i t r o ­
ani l ines  was ca lcu la ted  from the fo l low ing  equat ion: -
VHr  - p . t . ( v / 1 0 ) .  ( û ^ T / A j ) - ( + a . t  ) _ H u m o r ' '
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p = vol tage across heater r e s i s t o r / v o l t s .
V = vol tage across 10 ohm r e s i s t o r / v o l t s .
t  = time o f  heat ing/sec.
û^T = corrected output vol tage change o f  the reac t ion
p e r i o d / v o l t s .
A T = corrected output vol tage change o f  the c a l i b r a t i o n
^ p e r io d /v o l t s .
M = molecular weight o f  the compound/g.
W = weight o f  the compound/g.
a = cool ing e f f e c t  o f  the t i t r a n t / J sec.
t' = t i t r a t i o n  per iod/sec.
A^T and A^T were ca lcu la ted  a t  0.5 from apply ing the ex t rapo la t ion
method in  both cases to the reac t ion  and the c a l i b r a t i o n  t races.
The conf idence l i m i t s  f o r  the experimental measurements given in
54
th is  chapter were ca lcu la ted  using Program LTM 9b.
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T a b l e  I V . 1
Enthalpy o f  N e u t ra l i z a t io n  o f  Hydroch lor ic Acid (0.25 M) 
wi th  Sodium Hydroxide (0.0006 H)
mol"!
55.26
54.66
56.20
55.63
55.85
Ar"*(mean) = 5? '  0 . 7 3 k J m o r l .
l i t^ .^ a H*, .  , = -55.74 -  0.36 k j  m o l '^ .r  (mean) 
V (mean)lit^.^ A H ® , .  . = -55.73 -  0.0 7 kJ mol"^.
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Table IV .2
Enthalpy of  Bromination of  2 - N i t r o a n i l i n e  from Thermometric
Ti t r im e t r y
-Ni t r o a n i 1i ne mol -1
(w/g) 1:1 1:2
0.03308 94.53 197.25
0.03323 94.10 197.13
0.03328 95.62 197.26
0.03324 94.91 197.31
0.03328 94.38 195.56
0.03276 93.47 197.69
Aqueous bromine, 0.4 M, was used throughout.
2 - N i t r o a n i l i n e  and Bromine (BrO^ /B r  ) 
V ^ ( m e a n )  = '94 50 i  0.77 kJ m o l ' '
(1 :1 ;  0.00024 mol)
2 - N i t r o a n i1i ne and Bromine (BrOg /Br  ) 
0.00048 mol Br^)
ArH^(mean) = -197.03 - 0.78 kJ m o l ' ' .
1 (0.00024 mol a n i l i n e
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T a b l e  I V . 3
Enthalpy of  Bromination of  4 - N i t r o a n i11 ne from Thermometric
T i t r im e t r y
4-Ni t roan i  l i n e  moC'
1 T  1 : 2
0.01105 103.75 215.55
0.03314 96.90 195.08
0.03311 95.27 196.10
0.03308 96.95 196.90
0.03314 95.61 197.05
0.03314 95.19 196.96
0.03320 95.44 197.11
★
Rejected on s t a t i s t i c a l  grounds
Aqueous Bromine, 0.4 M was used throughout.
4 - N i t r o a n i l i n e  and Bromine (BrOg /B r  ) (1 :1 ;  0.00024 mol)
V ^ ( m e a n )  = -95.89 i  0.85 kJ m o l ' ' .
4 - N i t r o a n i1i ne and Bromine (BrO^ ' /Br  ) (0.00024 mol a n i l i n e  
0.00048 mol Br^)
a , = -196.53 -  0.84 kO m o l ' ' .r  (mean)
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CHAPTER V 
V: DISCUSSION OF THE RESULTS
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V. DISCUSSION OF THE RESULTS
V .A S o lub i1i ty
S o l u b i l i t y  measurements by dynamic p r e c ip i t a t i o n  were found to 
be useful  f o r  i n d i r e c t  measurements o f  enthalpy of  so lu t ion .  In 
Chapter I I ,  Tables 9 and 10 show the ca lcu la ted  d i f f e r e n t i a l  heat 
of  s o lu t ion  at  sa tu ra t ion  f o r  2 ,4 ,6 - t r ib rom opheno l , 4-bromoani1i ne,
2 ,6-dibromoani1ine and 2 ,4 ,6 - t r ib ro m o a n i1ine in n-propanol and 
toluene.
From the s o l u b i l i t y  data we can see the enthalpy o f  so lu t ion  o f
these compounds in  n-propanol and toluene is  endothermie. The
higher s o l u b i l i t y  o f  2,4,6-t r ibromophenol in n-propanol than tha t  in
toluene r e f l e c t s  the occurrence o f  in te rmo lecu la r  hydrogen bonding,
as wel l  as in t ramolecu la r  hydrogen bonding. The s l i g h t l y  higher
s o l u b i l i t y  o f  4-bromoani l ine in  n-propanol than in toluene suggests
the occurrence o f  in te rmo lecu la r  hydrogen bonding. But the lower
s o l u b i l i t y  o f  2,4-d ibromoani1ine and 2 ,4 ,6 - t r ib ro m o a n i l i n e  in
n-propanol than tha t  in  to luene r e f l e c t s  tha t  the in tramolecu la r
hydrogen bonds are l i t t l e  a f fec ted .
The enthalpy o f  t ra n s fe r  o f  a so lu te  ( i )  from one so lvent to another
can be ca lcu la ted  from the d i f fe rence  between the enthalpy o f  so lu t ion
34
o f  the so lu te  in two solvents a andb as fo l low s :
In t h i s  way the enthalpy o f  t r a n s fe r  o f  the previous compounds from 
toluene to n-propanol was ca lcu la ted  and is  tabulated in  the fo l low ing  
Tab le.
16;
Table V.1 Derived Thermodynamic Parameters o f  Transfer from Toluene 
to n-Propanol
Compound [kJ mol ^ ) A^H^ (kJ mol'T) a^S^(JK ^mol'^)
2 , 4 , 6 -Tribromophenol -2 .24 -9.89 -25.66
4-Bromoani l ine -0 .72 -3.99 -10.97
2 , 6-Dibromoani l ine + 1 .92 -1.72 - 12.21
2 , 4 , 6 -Tr ibromoani1ine +4 .56 -7.87 -41.75
The general feature  o f  these ca lc u la t io n s  is  tha t  the enthalpy o f  
t r a n s fe r  o f  these compounds from toluene to n-propanol is  exothermic.  
This may r e f l e c t  the p re fe re n t ia l  forming o f  hydrogen bonds between 
the amino group and n-propanol as we l l  as between the phenol ic 
hydroxyl  group and n-p ropano l . The f ree  energy o f  t ra n s fe r  (a^G^) was 
found to be p o s i t i v e  or negative depending upon the so lu te .  Also,  i t  
was observed tha t  the entropy o f  t r a n s fe r  (A^S^) is negat ive,  which 
suggests tha t  the t ra n s fe r  o f  these compounds from toluene to n-propanol 
is  entropy in h ib i t e d .
The general thermodynamic p r o f i l e  o f  these res u l t s  is  qu i te  
p red ic tab le  a f t e r  comparison w i th  some re s u l t s  from previous work on 
the measurements o f  the enthalpy o f  t r a n s fe r  by f low m ic roca lo r im e t ry . 
These are presented in the fo l low ing  Table.
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Table V.2 Thermometries of Solute Transfer Between Two Solvents
Solute
Transfer 
Process A^G^'(kJ mol 'T) A^H^(kJ mol ^ ) A^S^^JK'^mol'T)
Phenol^] Octane -► Water -4.77 -16.32-0.46 -38.49
Toluene-» Water + 1.13 -6.28-0.54 -24.69
. . . .  33 Am 11 ne Toluene-» Water + 5.52 -5.02-0.63 -36.40
4-ChlorOj 
phenol 35
2,2 ,4-Tr imethy l -  
pentane — * 
Aqueous bu f fe r  
(pH 7)
-2.26 -17.20(0 .10)* -48.40
4-Chloro-  
a n i 1i ne35
2 ,2 ,4 -T r im e th y l '
pentane----- »
Aqueous b u f fe r  
(pH 7)
+2.74 -10.30 (0 .25)* -43.74
*
Standard dev ia t ion .
V.B So lu t ion  Calor imet ry
Bromination using bromine generated from bromide/bromate in ac id ic  
?, 17
medium is  wel l  known. Such niixtures were used f o r  the bromination 
o f  2 - c h lo ro a n i1ine,  4 -b romo-2-ch loroan i l ine  and 4 -c h lo ro a n i1i ne in 
pe rc h lo r ic  acid sodium/bromide medium. Bromination o f  a n i l i n e  in 
aqueous s o lu t io n  y ie ld s  q u a n t i t a t i v e l y  , the t r ibromo compound 
immediately on add i t ion  o f  bromin^. This is cons is ten t  wi th  
the i n i t i a l  product 4-bromoani l ine being less basic than a n i l i n e ,  
and consequently there is greater  p ropor t ion  o f  the former present as 
f ree  base. However since the NH^  group is o- and £-  d i r e c t in g ,  then
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the expected product from the bromination o f  2 -ch lo ro -  and 4 -ch lo ro ­
ani l i n e  w i l l  be the dibromo analogue with s u b s t i t u t i o n  a t  the 
ava i lab le  o- and p -pos i t ions  and in the bromination o f  4-bromo-2- 
c h lo ro a n i l i n e  the product w i l l  be 2 - c h lo ro -4 ,6-d ibromoani1i ne. This 
agreed w i th  the res u l t s  obtained by Truedsson^^ f o r  the bromination 
o f  2 -c h lo ro a n i1ine and 4 - c h lo ro a n i l i n e  by anod ica l ly  generated 
bromine. The bromine entered a l l  the o- and £- pos i t ions .  He 
concluded tha t  the subs t i tu ted  a n i l i n e  conta in ing halogen can be 
t i t r a t e d  q u a n t i t a t i v e l y  w i th  c o u lo m e t r i c a l l y  generated bromine in 
w a te r /ace t ic  acid media, w i th  or w i thou t  added py r id ine .
Depending on tha t  f a c t , t h e  thermodynamic in te r e s t  f o r  measuring 
the enthalpy o f  the reac t ion  o f  the brominat ion o f  the ch lo roan i l ines  
was ca r r ied  out.  The bromine s o lu t ion  was already prepared in the 
c a lo r im e t r i c  c e l l  and the ampoule was loaded w i th  aromatic amine.
The thermochemical equat ion o f  t h i s  reac t ion  a t  e q u i l ib r ium  can be 
w r i t t e n  as : -
ArHs'
W ^ l - c  ^  2 9 ' " 2 ,a q  W C 1 B > - 2 , c ^  ( 1 )
1 1 I I
A^H^ A^H^ '^f^T
AfH*' = A ^  CeHgNCl,^ + 2 A^h |  Br^ aq
6 6
CjHjNCIBr.j . Br; ^  * "“'“• l ,
i l  1 1
A^H^ A^^g A^H^
AfHT C6"5NC1Br,c = AfH% CsH^NClBr;,; + AfH% HBr,,q - - ArH%'
In equat ion (1) by knowing the enthalpy o f  format ion o f  the s ta r t i n g  mate r ia l
(a^H^),  the enthalpy o f  format ion o f  the aqueous bromine (a^ H ^ ,  the enthalpy
of format ion o f  the aqueous hydrogen bromide (a^H ^  and by determining the
enthalpy o f  the reac t ion  (A^H^), then the enthalpy o f  format ion o f  the
brominated product ( a^H^) can be obtained.  I t  is  a p i t y  in  t h i s  case
tha t  the a n c i l l a r y  data is  not a l l  a v a i la b le .  The enthalpy o f  so lu t ion
of  bromine in  aqueous sodium brom ide /pe rch lo r ic  acid and o f  sodium bromide
in aqueous pe rc h lo r ic  acid can be determined by the same isoper ibo l
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s o lu t i o n  ca lo r im e t ry  and so the enthalpy o f  format ion o f  aqueous bromine 
and hydrogen bromide can be obtained.  The determinat ion o f  the enthalpy 
o f  format ion o f  the c h lo ro a n i l i n e  is  d i f f i c u l t ,  and the values ava i lab le  
from the l i t e r a t u r e  r e fe r  to the temperature a t  the melt ing point .^^
Hence the c a lc u la t io n s  are r e s t r i c t e d  to the enthalpy o f  the reac t ion ,  
which has not been measured before.  The re s u l t s  obtained from th i s  
work are given in Chapter I I I .  The f i n a l  products were i d e n t i f i e d  by 
m icor -ana lys is  and by GLC. The mean value f o r  A^H^ f o r  the bromination 
o f  2 - c h lo ro a n i l i n e ,  4 -bromo-2-ch loroan i1i ne and 4 -ch lo ro an i1ine was found 
to be -207.84 - 0.63 kO m o l ' ' , -91.29 -  0.96 kJ m o l ' '  and -189.61 -
0.90 kJ mol '  r e spec t ive ly .
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V.C T i t r a t i o n  Ca lor imetry
2 - N i t r o a n i l i n e  and 4 - n i t r o a n i 1ine brominated sequen t ia l ly  in
17
ac id ic  medium wi th  bromine, which means tha t  the monobromination is 
completed f i r s t  and then the dibromo- product formed. The resu l ts  
obtained are recorded in Chapter IV.
A general view at  the thermometric t i t r a t i o n  curve fo r  the 
bromination o f  2- n i t r o a n i l i n e  suggests the fo l low ing :
Br« Br^
C6^6 '^2° 2 .aq — ^  ^5^5B''N2°2,c W h h ° 2 , c
We can d i s t i n g u is h  two b reak -po in ts . The f i r s t  b reak-po in t  occurred 
when equimolecular amounts o f  bromine s o lu t ion  were added. In tha t  
stage 4 -b rom o -2 -n i t roan i l ine  probably was the main product. The 
second b reak-po in t  corresponded to the completion o f  d ibrominat ion .
This was conf irmed by c a lc u la t i n g  the volume o f  bromine so lu t ion  needed
3
to complete the reac t ion ;  1.6 cm o f  bromine s o lu t io n  (0.4 M) added
w i th in  f i v e  minutes was enough to complete the d ibrominat ion w i th  a
s l i g h t  excess o f  bromine appearing as a ye l low co lour .  The f i n a l
product was i d e n t i f i e d  by m ic ro-ana lys is  and GLC. O r i g in a l l y  the
bromine in the t i t r a n t  s o lu t io n  occurred as t r ib rom ide  ion due to the
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high concentra t ion o f  the bromide, but the f ree  bromine was released 
when the t i t r a n t  was d i lu t e d  in the reac t ion  vessel and the high 
bromide ion concentra t ion was reduced.
6 Ô
For the brominat ion o f  4 - n i t r o a n i l i n e ,
Brp Br^
^6''6^2°2.c ‘'6^43^2''2''2,c
the thermometric t i t r a t i o n  curve showed the most c lea r  break-po in t  at  
complet ion.  The weakness o f  the f i r s t  b reak-po in t  when one equimolecular 
amount o f  bromine reacted may be explained in  terms o f  the low b a s i c i t y ,
ascr ibed to the Z w i t t e r - i o n i c  form which is an important c o n t r ib u to r
36,37 + / = \
ion to the s t ruc tu re  o f  4-ni  t roan i  l i n e ,  v i z .  H^ N = /  \  NO^
The enthalpy o f  the bromination o f  2 - n i t r o a n i l i n e  and 4 - n i t r o a n i l i n e  
was ca lcu la ted  a t  each step o f  the brominat ion and the res u l t s  are 
tabulated in Tables IV .2 and 3.
The cool ing e f f e c t  due to the add i t ion  o f  the t i t r a n t  was found
to be s i g n i f i c a n t .  This was taken in to  cons iderat ion f o r  a l l  
c a lc u la t io n s  o f  the enthalpy o f  the reac t ion .
The same way as in the ampoule breaking mode, the enthalpy o f  
format ion o f  the dibromo compound can be ca lcu la ted  i f  the enthalpies  
o f  format ion o f  bromine (aq) hudrogen bromide (aq) and the s ta r t i n g  
mate r ia l  (aq) are a l l  known. The d i f f i c u l t i e s  t h i s  t ime are found in 
determining the enthalpy o f  format ion o f  the s t a r t i n g  mater ia l  in 
aqueous s o lu t i o n .  The enthalpy o f  s o lu t io n  determinat ions f o r  these 
compounds by so lu t ion  ca lo r im e t ry  was d i f f i c u l t  due to the long time
needed to a t t a in  s o lu t i o n .  In brominat ion studies the organic subst ra te
was al ready disso lved and was l e f t  overn igh t  to e q u i l i b r a t e .
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The general trend o f  bromination in these two compounds gave
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resu l ts  cons is ten t  w i th other re s u l t s .  These other resu l ts  were 
reported from the brominat ion of  n i t r o a n i l i n e s  w i th anod ica l ly  generated 
bromine, which suggested tha t  the n i t r o a n i l i n e s  are deact ivated and were 
not very prone to react w i th  bromine. Only the monon it roani l ines 
formed the monobromo-ni t roani l ine.
Comparison between the entha lp ies o f  brominat ion o f  the two isomeric 
n i t r o a n i l i n e s  shows only s l i g h t  d i f fe rence  between the two values.
V.D. Further Work
Some other  compounds might be brominated, using so lu t ion  
ca lo r im e t ry  to measure the enthalpy o f  the react ion to help in c a lc u la t i n g  
the enthalpy o f  format ion o f  the end product or the s ta r t i n g  m a te r ia l .  
Examples o f  these compounds are:  t o lu id in e s ,  f l u o r o a n i l i n e s ,
f luorophenols , ch lorophenols , n i t rophenols  and aminophenols.
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A PPENDIX 1
64Correct ion  o f  Weighings fo r  Buoyancy
When very accurate weighings are necessary, a co r re c t ion  
fo r  the buoyancy o f  the a i r  must be made. I t  is evident tha t  
the weight o f  an ob jec t  in vacuo is equal to the weight in the a i r  
plus the weight o f  a i r  d isplaced by the ob jec t  minus the weight 
of  a i r  displaced by the balance weights.
W^  = weight in  vacuo/g
W^ = apparent weight in  a i r / g
d^ = dens i ty  o f  the a i r ,  0.0012  g cm ^
_ 3
d  ^ = dens i ty  o f  the substance/g cm
d = densi ty  o f  the weights,  8 .0  g cm w
Since the d i f fe re n c e  between W, and W. does not usua l l y  exceed
V 3
1 to 2 parts per thousand, equation ( 1 ) is  w r i t t e n  as fo l lows :
W„ = W + W I 0.0012 ( t -V a a L
1_ _ J _  
b 8. 0 -J
= W + kW /lOOO a a
where
k = 1 .20 (1 L )% 8.0
When a substance o f  dens i ty  d^ weighs W^ grams in  the a i r ,  
then W^ k m i l l ig rams must be added to the weight in  the a i r  to ob ta in  
the weight in the vacuo.
This co r rec t ion  was appl ied to obta in  the accurate weights o f
THAN.
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APPENDIX I I
P u r i t y  Determination by D i f f e r e n t i a l  Scanning Calor imetry
The determinat ion o f  the p u r i t y  o f  organic mate r ia ls  by 
d i f f e r e n t i a l  scanning ca lo r im e t ry  (DSC) is  well  known.
This determinat ion based upon the fa c t  tha t  the presence o f  a 
minute amount of  impur i ty  in the mate r ia l  broadens i t s  melt ing 
range and lowers the f i n a l  melt ing po in t  o f  the mater ia l  from T^, 
to a lesser temperature,  T^.
DSC measures d i r e c t l y  the thermal energy per u n i t  t ime, 
t rans fe r red  to or from a sample as the temperature o f  the sample 
holder i s  changed a t  a l i nea r  r a te ,  dT/dt ,which can be expressed 
as fo l lows :
dq _ dT; dq ( 1 )
ï ï t  ■ ï ï t  3T%
dT^/d t  = scanning ra te /K  rain"'
dq/dT^ = heat capac i t y  o f  the sample or  the energy required 
to accomplish a t r a n s i t i o n / J k ' ^ .
From the v a n ' t  Hoff  equat ion,  the r e la t i o n s h ip  descr ib ing the heat 
f low to or from a sample and the melt ing po in t  depression o f  a sample
due to the presence o f  an impur i ty  is  obtained:
Aq = to ta l  heat o f  fus ion o f  the sample/J.
T^ = mel t ing po in t  o f  a 100% pure m ate r ia l /K .
1 / 2
= mel t ing  po in t  o f  sample system/K.
(Tq - T^) = melt ing po in t  depression due to impur i ty /K .
= sample temperature/K 
where the mel t ing po in t  depression due to impur i ty  is expressed as
r t / x .
R = molar gas constant ,  8.314 J/mol K 
= molar f r a c t io n  o f  impur i ty  
= molar heat o f  fus ion /J  mol \
The in te g ra t io n  o f  equation (2) shows tha t  the f r a c t io n  o f  the 
sample, F , which is  melted a t  any p a r t i c u l a r  sample temperature in the 
melt ing curve is  obtained as:
T^ - T^
F =     (4)
or
Ts = To - (9
F = f r a c t i o n  melted.
By s u b s t i t u t i n g  equat ion (3 ) ,  which def ines the melt ing po in t  
depression due to an im pu r i t y ,  in to  equation (5 ) ,  the l i n e a r  equation 
f o r  the determinat ion o f  p u r i t y  by DSC is  obtained as below:-
,  ,  'To ><2 1
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A p lo t  of  the sample temperature (T^) against  the rec ip roca l  
o f  the f r a c t i o n  o f  mater ia l  melted a t  tha t  temperature (1/F) should
give a s t r a i g h t  l i n e  w i th  a slope equal to the melt ing po in t
2depression (R X^/A^H ) and an in te rc e p t  equal to T^.
The f r a c t i o n  o f  mate r ia l  melted at  any sample temperature is 
determined d i r e c t l y  from the DSC scan and is  p ropor t iona l  to the 
peak area under the curve up to tha t  temperature.
Sometimes the v a n ' t  Hoff  p l o t  obtained from the melt ing curve
re s u l t s  is  not a s t r a i g h t  l i n e ;  the curve is  s l i g h t l y  concave 
upwards. This concavi ty  is  a r e s u l t  o f  the under -est imat ion o f  
the amount o f  melt ing which has occurred a t  lower temperatures and 
not observable in the DSC mel t ing  t race .  Since the amount o f  peak 
area under lower temperature is constant (X), the v a n ' t  Hoff  p l o t  
can be l i n e a r i z e d  by ad jus t ing  the value o f  (X) u n t i l  a l i n e a r  
p lo t  is  obtained.
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